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ABSTRACT 
 
Since the discovery of high-temperature superconductors (HTS), there has been lots of 
effort to study their physical properties. Two powerful methods for this investigation are 
tunneling spectroscopy and point contact spectroscopy. The tunneling spectroscopy directly 
probes the density of states whereas the point contact spectroscopy detects the sample properties 
via quasiparticle scattering.  
Two new approaches to fabricate devices for spectroscopic studies are presented in the 
thesis. The first one is atomic layer deposition (ALD) to grow ultra-thin and low-defect Al2O3 
tunnel junction barriers, developed on sputter-deposited Nb thin films. The conductance 
characteristics at low temperature show the clear density of states signature of superconducting 
Nb. The junction resistance times area product increases exponentially with barrier thickness, 
further supporting the high quality of the junctions, in which single-step elastic tunneling 
predominates.  
The second new approach is the focused ion beam (FIB) nanofabrication technique which 
can achieve precise control of the geometry of point contact junctions. Two different types of 
PCS devices (vertical and in-plane) have been studied, and the application of vertical junctions 
on niobium thin films shows consistent data insensitive to thermal cycling, which opens the 
possibility to perform PCS on materials while varying external variables, such as temperature, 
directional-dependent magnetic field, and stress. We also use this new method of FIB-fabricated 
PCS junctions to probe the strongly correlated election system FeTe0.55Se0.45, whose normal state 
spectra show a conductance enhancement around zero bias, which, through comparison with 
previous experiments, we associate with electronic nematicity. 
Finally, preliminary results of planar tunnel junction devices on FeSeTe thin films and 
crystals to test the superconducting gap order parameter symmetry using the proximity effect are 
also presented.  
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CHAPTER 1: INTRODUCTION 
 
1.1 Introduction of superconductivity 
 
Superconductivity is the phenomenon involving zero electrical resistance and expulsion 
of the external magnetic field (Meissner effect) in certain materials when cooled down below a 
critical temperature (Tc). It was first discovered in mercury by Heike Kamerlingh Onnes in 1911 
two years after he first liquefied helium. At Tc the specimen underwent a phase transition from 
the normal state to the superconducting state, as shown in Fig. 1.1. 
 
Fig. 1.1: Resistance of mercury sample versus absolute temperature. This plot by Kamerlingh 
Onnes marked the discovery of superconductivity[1].  
 
A more fundamental phenomenon than zero resistivity is observed when a normal state 
metal is ﬁrst placed in magnetic ﬁeld and then cooled into the superconducting state: the external 
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magnetic ﬁeld is expelled from the sample, Fig 1.2. This is called Meissner effect and is 
achieved by inducing surface currents that mirror the applied field, effectively canceling it out. 
 
Fig. 1.2: Diagram of the Meissner effect. Magnetic field lines, represented as arrows, are 
excluded from a superconductor when it is below its critical temperature. Source: 
https://en.wikipedia.org/wiki/Meissner_effect 
 
However, the Meissner effect holds only up to certain ﬁeld range. A transition between 
superconducting Meissner state and normal state takes place in critical ﬁeld Hc, with 
approximately parabolic temperature dependence as shown in Fig. 1.3 (a). Superconductors 
whose B-T relation follows the Eqn. 1.1.1 are known as type I superconductors:  
𝐻𝑐(𝑇) = 𝐻𝑐(0) [1 − (
𝑇
𝑇𝑐
)
2
].                                        (1.1.1) 
Superconductors that exhibit a mixed state between the Meissner state and normal state (Fig. 1.3 
(b)) are type II superconductors. Instead of a discontinuous breakdown of superconductivity in a 
first-order transition at 𝐻𝑐(𝑇), there is a continuous increase of the flux penetration from a lower 
critical field 𝐻𝑐1(𝑇) up to an upper critical field 𝐻𝑐2(𝑇), at which 𝐵 = 𝐻 is reached. All high-
temperature superconductors (HTS) are type II superconductors.  
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Fig. 1.3: B-T phase diagram of (a) Type I and (b) Type II superconductors. Source: 
http://www.gitam.edu/eresource/Engg_Phys/semester_2/supercon/type_1_2.htm 
 
The specific heat shows the superconducting phase transition is a 2nd order phase transition at Tc, 
as discontinuity is seen without latent heat in zero fields, as shown in Fig. 1.4. In the normal state 
the specific heat is linear at low temperatures while in superconducting state the specific heat 
falls exponentially as T → 0: 
𝐶𝑠 ∝ 𝑒
−
Δ
𝑘𝐵𝑇.                                                       (1.1.2) 
This can be understood as due to an energy gap 2Δ between the superconducting ground state 
and the lowest excited states. 
 
Fig. 1.4: The specific heat of a normal metal and superconductor near the transition temperature 
in the absence of an external magnetic field. Source: 
http://inspirehep.net/record/1283384/files/supheat.png. 
(a) (b) 
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The first phenomenological explanation for the Meissner effect was provided in 1935 by 
the London equations, and in the SI units, they could be expressed as two simple differential 
equations: 
𝜕𝒋𝒔
𝜕𝑡
=
𝑛𝑠𝑒
2
𝑚
𝑬,𝛻 × 𝒋𝒔 = −
𝑛𝑠𝑒
2
𝑚
𝑩,                                              (1.1.3)  
Here 𝒋𝒔 is the superconducting current density, 𝑒 is the charge of an electron, 𝑚 is the electron 
mass, 𝑬 and 𝑩 are respectively the electric and magnetic fields within the superconductor, and 
𝑛𝑠is a phenomenological constant associated with superconducting carrier density. 
Inside the superconductor, the field is exponentially suppressed as we go in from the 
surface, described by the penetration depth, 𝜆𝐿(= √
𝑚𝑐2
4𝜋𝑛𝑠𝑒2
) . If 𝐵(0) is the field at the interface, 
the field inside is in the form of 𝐵(𝑥) = 𝐵(0) exp (−
𝑥
𝜆𝐿
) . An applied magnetic field will 
penetrate a thin film uniformly if the thickness is much less than 𝜆𝐿. And in this case, the internal 
field is lowered so the critical field is higher. 
The first microscopic theory of superconductivity was developed in 1957 by John 
Bardeen, Leon Cooper and Robert Schrieffer [2], known as the BCS theory. They showed that at 
sufficiently low temperature, electrons near the Fermi surface would form Cooper pairs due to 
the presence of a small attractive potential (~10−3eV) from the electron-phonon interaction 
arising from electron screening and lattice vibrations. The Cooper pairs are in spin singlet state in 
which the two electrons have opposite spins, and the total momentum of the pair is zero. The 
wave function of the Cooper pair is described by the superconducting order parameter (OP). 
There is a characteristic length scale known as the coherence length, which is usually denoted as 
𝜉. The coherence length is a measure of the distance within which the Cooper pair would not 
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change dramatically in a spatial-varying magnetic field. In the BCS framework, 
superconductivity is a macroscopic effect, which results from the condensation of Cooper pairs 
and the opening of an energy gap 𝐸𝑔 = 2∆(𝑇) between the superconducting ground state and 
lowest quasiparticle excitation below Tc. This gap is a manifestation of the superconducting 
order parameter that describes the superconducting state and can be computed numerically from 
the following equation: 
1
𝑁(0)𝑉
= ∫
𝑡𝑎𝑛ℎ
1
2
𝛽(𝜉2+Δ2)0.5
(𝜉2+Δ2)0.5
𝑑𝜉
ℏ𝜔𝑐
0
.                                       (1.1.4) 
For weak-coupling superconductors (
ℏ𝜔𝑐
𝑘𝑇𝑐
≫ 1), Δ(𝑇)/Δ(0) decreases monotonically with 𝑇/𝑇𝑐 
from 1 to 0, as illustrated in Fig. 1.5.  
 
Fig. 1.5: Temperature dependence of the energy gap in the BCS theory for the weak coupling 
limit. 
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The BCS theory successfully explains superconductivity at the temperature close to 
absolute zero for conventional s-wave superconductors. Properties of conventional 
superconductors, such as their transport, optical and thermodynamic properties are accurately 
described, above Tc by the Landau Fermi-Liquid Theory, below Tc by the Bogolioubov de 
Gennes (BdG) equations (BdG equations will be discussed in Section 1.3.4).  
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1.2 Tunneling Theory 
 
Tunneling is a phenomenon associated with quantum effects. When a particle with 
energy E approached a barrier of height 𝑈(𝑥): in the classical picture, these is zero possibility for 
the particle to transverse through the barrier if its E is smaller than 𝑈(𝑥) while in the quantum 
picture, there is a finite possibility for the particle to be found the on the opposite side of the 
barrier wall, denoting by the tunneling transmission coefficient |𝑇(𝐸)|2: 
|𝑇(𝐸)|2 = exp [−2∫ √
2𝑚
ℏ
(𝑈(𝑥) − 𝐸)
𝑑
0
𝑑𝑥],                               (1.2.1) 
where d is the thickness of the barrier. For the triangle tunnel barriers, the transition coefficient 
falls exponentially with the barrier thickness and it also dependent on the details of the insulation 
material: 
|𝑇(𝐸)|2 = exp(−2𝛾𝑑),                                            (1.2.2) 
Where 
𝛾 = √
2𝑚
ℏ
(𝑈 − 𝐸).                                                (1.2.3) 
In the spectroscopic measurement, the tunneling effect is typically measured as differential 
conductance as a function of the sample bias voltage.  
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1.2.1 Tunneling as a density of states probe 
 
In the BCS theory framework, quasi-particle excitations operators are directly related to 
the operators in the normal states. Therefore, we can quickly obtain the superconducting DOS 
𝑁𝑠(𝐸) from the DOS in the normal state 𝑁𝑛(𝜉): 
𝑁𝑠(𝐸)𝑑𝐸 = 𝑁𝑛(𝜉)𝑑𝜉.                                                       (1.2.4) 
Because we are interested in the energy scale close to the Fermi surface, 𝑁𝑛(𝜉) can be treated 
as a constant, 𝑁𝑛(0). It leads to the simple result of the superconducting DOS: 
𝑁𝑠(𝐸)
𝑁(0)
=
𝑑𝜉
𝑑𝐸
= {
0, 𝐸 < Δ
𝐸
(𝐸2+Δ2)0.5
, 𝐸 ≥ Δ,                                               (1.2.5) 
Electron tunneling is one of the most precise experimental probes for the density of states 
(DOS). The tunneling techniques were first developed by Giaever in 1960 [3], when it is used to 
study the I-V characteristics between two superconductors. The tunneling current is often 
explained using the “semiconductor model,” in which, the normal metal is presented as a 
continuous distribution of independent-particle state with uniform DOS N(0) while the 
superconductor is presented by an ordinary semiconductor with a DOS distribution described in 
Eqn. 1.2.5 by adding a reflection of the negative-energy side of the chemical potential. At T =
 0, all states up to the chemical potential are filled; when T > 0, the occupation follows the Fermi 
distribution function, as illustrated in Fig. 1.6. 
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Fig. 1.6: Diagram illustration of the semiconductor model for electron tunneling. The DOS is 
plotted horizontally vs. energy vertically. Shading denotes the occupied states. (a) N-I-S 
tunneling at T =  0, with bias voltage just above the threshold (energy gap). Horizontal arrow 
depicts electrons from the left tunneling into the empty states on the right. (b) S-I-S tunneling at 
T > 0, with the bias voltage below the threshold for conduction at T =  0 (eV <  Δ1 + Δ2). 
Adapted from [4]. 
 
Based on the Fermi golden rule which provides a way to calculate the transition from one 
energy eigenstate to another due to a perturbation, the tunneling current across the insulation 
barrier could be written as: 
𝐼 = 𝐴|𝑇|2 ∫ 𝑁1(𝐸)𝑁2(𝐸 + 𝑒𝑉)[𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]
∞
−∞
𝑑𝐸.                (1.2.6) 
If the two metals are in their normal states, from Eqn. 1.2.6, we will have an ohmic 
relation between the tunnel current and bias voltage: 
𝐼𝑛𝑛 = 𝐴|𝑇|
2𝑁1(0)𝑁2(0)∫ [𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]
∞
−∞
𝑑𝐸 
=  𝐴|𝑇|2𝑁1(0)𝑁2(0)𝑒𝑉 ≡ 𝐺𝑛𝑛𝑉                                      (1.2.7) 
In this formula, it is easily noticed that 𝐺𝑛𝑛 is independent of the temperature. At T =  0, all the 
electron states below the Fermi level are occupied. For electron tunneling to occur, two 
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excitations should be created: an electron excitation in one metal and a hole in the other with the 
combined excitation energy being eV. When T > 0, the ground state tunneling will be reduced by 
the existence of the quasiparticle excitations already exist, but this effect will be compensated by 
the tunneling of the quasiparticles, resulting in 𝐺𝑛𝑛 being a constant. 
If one of the two metals is replaced by a superconductor, the junction will be in the N/I/S 
type (the energy level is shown in Fig. 1.6(a)). The N/I/S configuration is the most commonly 
used setup for planar tunnel junctions (PTJs) and point contact tunnel junctions (such as STM). 
In this case, the junction current formula in Eqn. 1.2.6 will be reduced to: 
𝐼𝑛𝑠 = 𝐴|𝑇|
2𝑁1(0)∫ 𝑁2𝑠(𝐸)[𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]
∞
−∞
𝑑𝐸 
=
𝐺𝑛𝑛
𝑒
∫
𝑁2𝑠(𝐸)
𝑁2(0)
[𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]
∞
−∞
𝑑𝐸                                    (1.2.8) 
If we consider the differential conductance as a function of V, we will have: 
𝐺𝑛𝑠 =
𝑑𝐼𝑛𝑠
𝑑𝑉
= 𝐺𝑛𝑛 ∫
𝑁2𝑠(𝐸)
𝑁2(0)
[−
𝜕𝑓(𝐸+𝑒𝑉)
𝜕(𝑒𝑉)
]
∞
−∞
𝑑𝐸                                 (1.2.9) 
As 𝑇 → 0, 𝐺𝑛𝑠 will approaches: 
𝐺𝑛𝑠
𝑇→0
→  𝐺𝑛𝑛
𝑁2𝑠(𝑒|𝑉|)
𝑁2(0)
 .                                                   (1.2.10) 
This means, at the low-temperature limit, the tunneling 𝐺𝑛𝑠  is a direct measure of the 
superconducting density of states. 
 If both metals are superconductors (Fig. 1.6(b), the tunnel current formula becomes: 
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𝐼𝑠𝑠=
𝐺𝑛𝑛
𝑒
∫
𝑁1𝑠(𝐸)
𝑁1(0)
𝑁2𝑠(𝐸 + 𝑒𝑉)
𝑁2(0)
[𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]
∞
−∞
𝑑𝐸 
=
𝐺𝑛𝑛
𝑒
∫
|𝐸|
[𝐸2−∆1
2]0.5
|𝐸+𝑒𝑉|
[(𝐸+𝑒𝑉)2−∆2
2]0.5
[𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]
∞
−∞
𝑑𝐸                (1.2.11) 
Assuming, ∆1> ∆2, there are three cases for the tunnel current: 
 When 0 < 𝑒𝑉 < ∆1 − ∆2 , only thermally excited electrons with energy |𝐸| > ∆1  can 
tunnel; 
 When ∆1 − ∆2< 𝑒𝑉 < ∆1 + ∆2, thermally excited electron with either 𝐸 < −∆1 or 𝐸 >
𝑒𝑉 + ∆2 can tunnel, the thermally excited electron current will have maximum at 𝑒𝑉 =
∆1 − ∆2; 
 𝑒𝑉 > ∆1 + ∆2, except the tunnel of the thermally excited electrons, there will exist a non-
thermal band: ∆1< 𝐸 < 𝑒𝑉 − ∆2. 
An illustration of the I-V characteristics of S/I/S junctions is shown in Fig. 1.7. The red 
curve is for an S/I/S junction with the same kind of superconductor as electrodes. In this junction 
configuration, we will have∆1 − ∆2= 0, so the conditions for the first case no longer holds, and 
the junction tunnel current shows a continuous increase from zero to V =
∆1+∆2
e
. While in the 
configuration where ∆1≠ ∆2 (green curve), a local maximum occurs at V =
∆1−∆2
e
. 
For both the N/I/N and N/I/S cases, only single electron can tunnel through the insulating 
layer. However, in the S/I/S junction, there is a possibility that a Cooper pair can tunnel, 
remaining a pair after traversing the barrier. This kind of phenomenon involving the tunneling of 
the Cooper pair is called the Josephson tunneling. However, for the whole pair to tunnel through 
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the barrier without breaking up, the insulation layer has to be very thin. More details about the 
Josephson effect will be discussed in the following chapters. 
 
Fig. 1.7: Illustration of the I-V characteristics of S/I/S junctions. (a) Sn-I-Sn tunnel junction (red); 
(b) Sn-I-Pb tunnel junction (green), the local maximum and sudden increase in the current are 
observed at 𝑉 =
∆1−∆2
𝑒
 and 𝑉 =
∆1+∆2
𝑒
. Adapted from [5]. 
 
1.2.2 Tunneling revealing phonon structure through the electron-phonon interaction (EPI) 
 
When the tunneling I-V characteristics are measured in materials with strong electron-
phonon interaction (EPI), small current variations beyond what has been stated in the previous 
section is easily observed. These structures were first noticed by Giaever, et al. [6] that they 
occurred at the energies corresponded to the phonon modes.  
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Fig. 1.8: Illustration of phonon modes measured as conductance characteristics of Pb/Al2O3/Al 
tunnel junction at 4.2K. The tunnel barrier was thermal oxidized Al thin film, and Pb was 
deposited by the thermal evaporator. (a) Junction conductance (dI/dV) measurement; small 
conductance variations can be easily observed, indicating the phonon behavior. (b) Derivative of 
Junction conductance (d2I/dV2) measurement, which accentuates the phonons.  
 
The conductance characteristics of a typical Pb/Al2O3/Al tunnel junction at low 
temperature are shown in Fig. 1.8. In both the conductance (dI/dV) and especially in the 
derivative of the conductance (d2I/dV2) measurement, modulation of the conductance due to the 
phonon modes is easily observed. However, unlike PCS (see section 1.3), the EPI junction is not 
directly proportional to d2I/dV2 in tunneling spectroscopy, but it still could be reconstructed from 
the data using a self-consistent iteration procedure based on the Eliashberg equation [7]: 
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𝛼2(𝜔)𝐹(𝜔) = ∫ 𝑑2𝑝
𝑆
∫
𝑑3𝑝
2𝜋2𝑣𝐹
′ ∑ 𝑔𝑝𝑝′𝜆 × 𝛿(𝜔 − 𝜔𝑝−𝑝′𝜆)/
𝜆𝑆′
∫ 𝑑2𝑝
𝑆
, 
(1.2.12) 
where, 𝛼2(𝜔) is an effective electron-phonon coupling function for phonons of energy 𝜔, 𝐹(𝜔) 
is the phonon density of states, 𝑔𝑝𝑝′𝜆 is the dressed electron-phonon coupling constant, 𝜔𝑝𝜆 is 
the phonon energy for polarization 𝜆 and wave number 𝑞 (reduced to first Brillouin zone), and 
𝑣𝐹 is the Fermi velocity. 
 
1.2.3 Scanning tunneling and planar tunneling spectroscopies 
 
Scanning tunneling spectroscopy (STS) and planar tunneling are most commonly used 
for tunneling spectroscopic studies.  
In STS electron, tunneling happens between a sharp metal tip and a pristine sample 
surface. The tip is usually a-few-atom sharp, which gives the STS unprecedented spatial 
precision. However, due to the Heisenberg uncertainty principle (∆𝑥∆𝑝 ≥
ℏ
2
), the confined spatial 
position for electrons to tunnel will result in a low momentum resolution: electrons emitted from 
the tip will tunnel into the sample surface from any directions. This means that there is no 
restriction on the conservation of momentum of the tunneling electrons, all the electrons in the 
forward half of the Fermi surface of the origin electrode can tunnel to anywhere in the forward 
half of the Fermi surface of the destination electrode.  
In contrast, in a planar tunneling junction, tunneling electrons are subjected both the 
energy conservation and momentum conservation laws. It means that only a small area on the 
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surface will take part in the tunneling process. Under ideal conditions, only electrons with 
momentum perpendicular to the junction plane can go through the barrier. This phenomenon is 
known as the tunneling cone. 
In this section, we briefly review quantum tunneling effects and the principle of its 
application on spectroscopic studies. We will discuss more about the tunneling experiments in 
Chapter 2. 
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1.3 Point Contact Spectroscopy (PCS) 
 
A point contact that can reveal spectroscopic information is a contact between two metals 
whose characteristic size d is on the order of or less than the electron scattering length, Λ =
√𝑙𝑒𝑙𝑙𝑖𝑛/3. PCS detects the non-linearities of the current-voltage (I-V) characteristics across these 
metallic constrictions. The energy scale of the electron scattering process is achieved by applying 
a bias voltage to the junction. If both metals are purely ohmic, the I-V curve is linear, and the 
differential conductance dI/dV  is constant. PCS was initially used to study electron-phonon 
interactions [8] in metals as a deviation from ohmic behavior. Later it was applied to 
superconductors, where across a normal metal-superconductor (N-S) junction, Andreev 
reflection dominates [9]. In recent years, PCS has also been used to probe non-Fermi liquid 
behavior in heavy fermions and iron-based superconductors (Fe chalcogenides and pnictides), 
where in the later, it detects orbital fluctuations and orbital ordering in the normal state  [10]. In 
heavy fermion compounds, it has been shown to be sensitive to the formation of the Kondo 
Lattice, Fano effects, and hybridization gaps [11][12].  
 
1.3.1 Regimes of Point Contact Spectroscopy 
 
Depending on the relationships between the elastic 𝑙𝑒𝑙  and inelastic 𝑙𝑖𝑛 mean free path 
and the point-contact dimension 𝑑, three different conduction regimes have been established (Fig. 
1.9(a). 
(i) Ballistic Regime (𝑙𝑒𝑙, 𝑙𝑖𝑛 ≫ 𝑑): The ballistic or Sharvin limit is the ideal regime for 
PCS as the scattering energy is dissipated far from the junction area. In a clean, 
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ballistic junction, nonlinearities in the I-V curves are solely due to quasiparticle 
scattering. 
(ii) Thermal Regime (𝑙𝑒𝑙, 𝑙𝑖𝑛 ≪ 𝑑): The thermal or Maxwell limit is the large junction 
regime where elastic and inelastic scattering occurs in the junction area, so the energy 
is dissipated in the constriction, which results in Joule heating. No spectroscopic 
information can be obtained.  PCS in this regime is essentially an electronic transport 
measurement, and any nonlinearities in the I-V characteristics are caused by the 
temperature-dependent resistivity 𝜌(𝑇) [13]. 
(iii) Diffusive Regime ( 𝑙𝑒𝑙 ≪ 𝑑 ≪ √𝑙𝑒𝑙𝑙𝑖𝑛/3 ): The diffusive limit is a junction size 
between the above two regimes. Spectral information is still preserved, but the 
measured conductance spectrum has a decreased intensity and is more smeared from 
the elastic electron scattering. 
The biggest challenge in conducting PCS experiments is to diagnose a contact to know if 
a contact in the ballistic or diffusive regime is achieved. One diagnostic is a simple interpolation 
formula for the junction resistance as derived by Wexler [14]: 
RPC(T) =
16ρl
3πd2
+ β
ρ(T)
d
= RSharvin + β ∗ RMaxwell                      (1.3.1) 
with β ≈ 1  at lel ≪ d . The first term corresponds the ballistic regime, where the resistance 
depends only on the size of the junction since ρl =
pF
ne2
 (Drude formula); and the second term to 
the thermal regime, where the resistivity and size of the junction play a role. The prevalence of 
the ballistic term or the thermal term depends only on the scale of the junction and the electron 
mean free path. The size of the junction may be estimated by differentiation of the Wexler 
formula:  
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𝑑 =
𝑑𝜌/𝑑𝑇
𝑑𝑅𝑝𝑐/𝑑𝑇
.                                                        (1.3.2) 
This divides out the residual resistance of the point contact, which can differ from the bulk 𝜌. 
 
1.3.2 Traditional PCS design 
 
Of the traditional PCS designs [15] we use the needle-anvil (also called “hard PCS”) and 
the “Soft PCS” (also referred as fritting junction method) techniques. In both these cases, the 
quantity we measure is differential conductance, 𝑑𝐼/𝑑𝑉, as a function of bias voltage and at 
different temperatures and other external parameters, such as applied magnetic field and uniaxial 
stress. Similar spectra are obtained from both methods. Fig. 1.9(b) illustrates the two techniques.  
In hard PCS, a sharp tip is brought into direct contact with the sample under study. The tip is 
electrochemically etched, and gold is usually used since it is an normal inert metal and etches 
very sharp and smooth [16] (Fig. 1.9(b)). The sharp end of the tip is curled slightly before 
contacting the sample, acting as a small spring providing stability of the junctions to compensate 
thermal fluctuation and environmental vibrations. Three different probes are being used in our 
lab for hard PCS measurement. The probe used most often was designed by Xin Lu [17] and is 
shown in Fig. 1.9(c). It has a micrometer screw gauge with 70 nm height control, which works 
effectively for both thin film and single crystal samples. Another home-built hard-PCS probe, 
designed by Wan Kyu Park uses piezoelectric bimorphs to approach the sample [18] and 
typically used for measurement in Oxford cryosystems. And the most recent probe for PPMS 
system by Quantum Design, designed by Mauro Tortello and Wan Kyu Park makes uses of 
attocubes for extremely fine and reliable tip-sample approach [19]. 
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Fig. 1.9: (a) Schematic showing the conduction regimes for a point contact junction. In the 
ballistic regime, no scattering occurs in the constriction and spectroscopic information is 
preserved. In the diffusive regime, only elastic scattering takes place in the constriction and some 
spectroscopic information is preserved with a decreased intensity. In the thermal regime, 
inelastic scattering processes arise in the constriction yielding no spectroscopic information.[15] 
(b) The experimental setup of hard PCS and soft PCS measurements. In the needle-anvil or “hard 
PCS” method, an electrochemically etched Au tip is mechanically lowered into contact with the 
sample. The photograph and SEM image are taken of one of such tip [20]. In the soft PCS 
method, an insulating layer of AlOx or Ge is deposited on the surface, followed by a counter 
electrode of silver paint, silver paste or In. Nano-conductance channels are then introduced into 
the insulating layer by fritting [20]. (c) A photograph of one of our custom-built probe for hard 
PCS [18]. The micrometer is at the left end of the probe while the tip and sample are situated at 
the right end. (d) In both the hard and soft PCS techniques, the conductance between the tip and 
sample is dominated by parallel nano-contacts.  
 
The hard PCS method offers a distinct advantage in fine control of the junction resistance by 
tuning the pressure applied by the tip. Also, for some of our probes, multiple junctions may be 
formed during the same cool down by moving the tip to different locations on the sample surface. 
The biggest issue with the hard PCS method is thermal stability. As the temperature changes, the 
tip contracts or expands resulting the instability of the PCS junctions. This problem is more 
severe for PCS on high-Tc superconductors, where large temperature ranges are often required, 
to above 100 K. The attocube system described above shows a distinct improvement in thermal 
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stability over our other two home-built hard PCS probes. We note that stability under applied 
magnetic field remains challenging with the hard PCS method. 
Soft PCS was how the PCS technique was first discovered.  Yanson et al. [15] observed non-
linearities in what he thought was a planar tunnel junction on the superconductor Pb when it was 
driven normal by applied magnetic field.  He found out that he was measuring the Eliashberg 
function; which, according to Harrison’s theorem [21], is not possible in a planar tunnel junction 
when the electrodes are in the normal state.  He discovered that these results arose from micro-
shorts in the barrier, so this was not a tunnel junction at all, but electrons were directly injected. 
Yanson and coworkers went on to develop a classical theory (non-linear Boltzmann) to account 
for these results and mapped out phonon and other bosonic excitation in a wide range of 
metals[9]. 
In our laboratory, we construct soft PCS junctions by growing a thin layer of insulating 
material on the sample surface (AlOx, Ge, or self-oxidation). The counter electrode is formed 
with a thin Al or Au wire attached to the top of the insulating layer using Ag paint or paste; or by 
an In press contact. Voltage pulses are then applied across the junction (fritting), which opens or 
closes parallel nanoscale conductance channels in the insulating barrier [16]. 
Compared with the hard PCS method, soft PCS shows dramatic improvement in thermal 
stability, and it is particularly applicable to fragile materials [10].  The main drawback of the soft 
PCS method is the reproducibility since fritting itself is not a well-controlled process. But in all 
PCS measurements, we rely heavily on the diagnostics to determine if the junction is in a 
spectroscopic limit. 
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1.3.3 PCS on Normal Metals 
 
Electrons passing through the junction gain an excess energy 𝑒𝑉 and can scatter with phonon 
excitations at those energies. The electron-phonon interaction (EPI) in the ballistic point contact 
results in “backflow scattering” where a fraction of the electrons injected are reflected back by 
the phonons through the junction, thereby slightly reducing the net current. This results in the 
nonlinear 𝐼 − 𝑉 characteristic, whose 2nd derivative is expressed as  [15]: 
𝑑2𝑉
𝑑𝐼2
=
1
𝑅𝑜
𝑑𝑅(𝑉,𝑇)
𝑑𝑉
=
8𝑒𝑑
3ℏ𝑣𝐹
∫
𝑑𝜔
𝑘𝐵𝑇
𝑔(𝜔)
∞
0
𝜒 (
ℏ𝜔−𝑒𝑉
𝑘𝐵𝑇
),                              (1.3.3) 
where 𝑔(𝜔) is the point-contact EPI function, and 𝜒(𝑥) =
𝑑2
𝑑𝑥2
(
𝑥
exp𝑥−1
) is the thermal population 
function. Above absolute zero temperature, the 2nd derivative formula reduces to 
1
𝑅𝑜
𝑑𝑅(𝑉,𝑇=0)
𝑑𝑉
=
8𝑒𝑑
3ℏ𝑣𝐹
𝑔(𝜔)|ℏ𝜔=𝑒𝑉 .                                          (1.3.4) 
As seen from the above formula, the 2nd derivative point contact spectrum is proportional to the 
point-contact EPI function, which is in turn related to the Eliashberg thermodynamic function. 
The EPI function is often introduced as 𝑔(𝜔) = 𝛼𝑃𝐶
2 𝐹(𝜔), with 𝛼𝑃𝐶
2  being the average EPI 
matrix element and 𝐹(𝜔) being the phonon density of states. It is worth noting here that the 
change in the I-V characteristic arising from this EPI backflow scattering is quite small; typically 
two orders of magnitude less than the background conductance, due to the size of a ballistic PCS 
junction and the fraction actually backscattered. Hence second harmonic detection is required for 
bosonic excitations. 
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1.3.4 PCS on Superconductors:  Point Contact Andreev Reflection Spectroscopy (PCARS) 
 
The I-V characteristic of the PCS on conventional superconductors is well explained by the 
Blonder-Tinkham-Klabwijk (BTK) model [22]. In an ideal PCS junction with a clean metallic 
NS interface, for an incoming electron with 𝑒𝑉 < Δ, one Cooper pair is transported (Andreev 
reflection) while single particle transmission is possible for injected electrons with 𝑒𝑉 > Δ. 
Therefore, when normalized, subgap conductance is twice that of that outside the gap. If the 
interface is not perfectly clean and/or there is a Fermi velocity mismatch between N and S, the 
experimentally obtained PCS spectrum does not show a full doubling of the conductance, and a 
dip occurs at zero-bias with peaks positions close to Δ.  
In the Andreev reflection process, energy, momentum, and spin are conserved. The charge is 
also conserved if Cooper pairs are included. The Andreev reflection hole carries information of 
the phase of electron state, and macroscopic phase of the superconductors with a change in phase 
equal to Φ+ arccos (
𝐸
Δ
), here Φ  comes superconducting order parameter, Δ𝑒𝑖Φ , and 𝐸  is the 
energy of the incident electron. 
Quasi-particle excitations in a superconductor can be expressed by the Bogoliubov de 
Gennes (BdG) Equations: 
𝑖ℏ
𝜕𝑓
𝜕𝑡
= [−
ℏ2
2𝑚
∇2 − 𝜇(𝑥) + 𝑉(𝑥)] 𝑓(𝑥, 𝑡) + Δ(𝑥)𝑔(𝑥, 𝑡)                     (1.3.5(a)) 
𝑖ℏ
𝜕𝑔
𝜕𝑡
= − [−
ℏ2
2𝑚
∇2 − 𝜇(𝑥) + 𝑉(𝑥)] 𝑔(𝑥, 𝑡) + Δ(𝑥)𝑓(𝑥, 𝑡)                  (1.3.5(b)) 
Assuming 𝜇(𝑥) = 𝜇, 𝑉(𝑥) = 0, Δ(𝑥) = Δ, for plane wave solutions, 
𝑓 = ?̃?𝑒𝑖𝑘𝑥−𝑖𝐸𝑡/ℏ                                                  (1.3.6(a)) 
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𝑔 = ?̃?𝑒𝑖𝑘𝑥−𝑖𝐸𝑡/ℏ                                                  (1.3.6(b)) 
We have, 
[
(
ℏ2𝑘2
2𝑚
− 𝜇) Δ
Δ −(
ℏ2𝑘2
2𝑚
− 𝜇)
] [𝑢
?̃?
] = 𝐸[𝑢
?̃?
]                            (1.3.7) 
Solving for E, ?̃?, and ?̃?, 
    𝐸2 = (
ℏ2𝑘2
2𝑚
− 𝜇)
2
+ Δ2                                             (1.3.8) 
ℏ𝑘± = √2𝑚𝜇√1 ±
√𝐸2−Δ2
𝐸
                                    (1.3.9(a)) 
ℏ𝑞± = √2𝑚√𝜇 ± 𝐸 𝑓𝑜𝑟 𝑁(∆= 0)                           (1.3.9(b)) 
?̃?2 =
1
2
(1 ±
√𝐸2−Δ2
𝐸
) = 1 − ?̃?2                       (1.3.10) 
Define 𝑢0
2 ≡
1
2
(1 ±
√𝐸2−Δ2
𝐸
) = 1 − 𝑣0
2(𝑢0 > 𝑣0)  and Ψ = (
𝑓(𝑥)
𝑔(𝑥)
) , where f and g are the 
electron and hole component of the quasiparticle, there are four types of Quasiparticle waves for 
a given E, 
Ψ±𝑘+ = (
𝑢0
𝑣0
) 𝑒±𝑖𝑘
+𝑥 , Ψ±𝑘− = (
𝑣0
𝑢0
) 𝑒±𝑖𝑘
−𝑥.               (1.3.11) 
In the BTK theory framework, when an electron approaching the NS interfaces, four trajectories 
are possible (Fig. 1.10(a)): Andreev reflection and normal reflection, transition without branch-
crossing (BC) (the electron with initial momentum 𝑞+ are transmitted with a wave vector on the 
same side of the Fermi surface (𝑞+ → 𝑘+)) and transition with branch-crossing (𝑞+ → −𝑘−).  
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The barrier at the interface is modeled as a 𝛿-function 𝑉(𝑥) = 𝐻𝛿(𝑥), with the barrier strength 
defined by a unitless parameter 𝑍 =
𝑚𝐻
ℏ2𝑘𝐹
= 𝐻/ℏ𝑣𝐹 . Simulated curves under the BTK theory in 
Fig. 1.10(b) shows how the spectrum changes with Z. A small Z value corresponds to high 
transparency favoring Andreev reflection. Assuming a constant chemical potential, 𝜇 , and 
superconducting gap, Δ, using the following trial plane wave function for BdG Eqns: 
Ψ𝑖𝑛𝑐 = (
1
0
) 𝑒𝑖𝑞
+𝑥                                              (1.3.12(a)) 
Ψ𝑟𝑒𝑓𝑙 = 𝑎 (
0
1
) 𝑒𝑖𝑞
−𝑥 + 𝑏 (
1
0
) 𝑒−𝑖𝑞
+𝑥                           (1.3.12(b)) 
Ψ𝑡𝑟𝑎𝑛𝑠 = 𝑐 (
𝑢0
𝑣0
) 𝑒𝑖𝑘
+𝑥 + 𝑑 (
𝑣0
𝑢0
) 𝑒−𝑖𝑘
−𝑥                       (1.3.12(c)) 
The probability for Andreev reflection is 𝐴 = 𝑎∗𝑎, normal reflection is 𝐵 = 𝑏∗𝑏, transmission 
without BC is 𝐶 = 𝑐∗𝑐𝑁𝑆(𝐸) and the transmission with BC is 𝐷 = 𝑑
∗𝑑𝑁𝑆(𝐸), where 𝑁𝑆(𝐸) is 
the quasiparticle density of states of the superconductor. 
Thus, the current across the junction is described by: 
𝐼(𝑉) = 2𝑁(0)𝑒𝑣𝐹 ∫ 𝑑𝐸[𝑓0(𝐸 − 𝑒𝑉) − 𝑓0(𝐸)][1 + 𝐴(𝐸) − 𝐵(𝐸)]
∞
−∞
         (1.3.13) 
At 𝑇 = 0 , 𝑑𝐼/𝑑𝑉 = 2𝑁(0)𝑒2𝑣𝐹[1 + 𝐴(𝐸) − 𝐵(𝐸)] , is proportional to the current transition 
coefficient, while for 𝑇 > 0 , the 𝑑𝐼/𝑑𝑉  is convolved with the derivative of Fermi function, 
resulting in with thermal population effects, as shown in Fig. 1.10(c). 
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Fig. 1.10: (a) A simplified energy-momentum diagram for an electron (0) with momentum 𝑞+, 
approaching a normal metal-superconductor interface. It may be (i) retro-reflected back into the 
normal metal as a hole with momentum −𝑞−, denoted by 𝑎, and thus transfer a Cooper pair into 
the superconductor; (ii) normally reflected with momentum −𝑞+, denoted by 𝑏; (iii) transmitted 
across the interface without branch crossing the Fermi surface with momentum 𝑘+ > 𝑘𝐹 , 
denoted by 𝑐; (iv) transmitted across the interface with branching crossing the Fermi surface with 
momentum −𝑘− < 𝑘𝐹 , denoted by 𝑑. (b) BTK simulations for different Z values at 0 K. Small Z 
corresponds to a high transparent Andreev reflection. (c) BTK simulations at finite temperatures 
showing the thermal population effects. 
 
 The original BTK theory assumes an isotropic s-wave superconductor. With some 
modification, the BTK model can also be well applied to more complicated systems. For d-wave 
superconductors, the constant Δ needs to be replaced by Δ(θ) = Δ0[2(𝜃 − 𝛼)], which depends 
on the direction of the injected election with the normal of the interface (𝜃) and direction of the 
antinodal (𝛼) . For multiband superconductors, the BTK model simulates the differential 
conductance curves by taking a weighted average of the single band calculations. 
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CHAPTER 2: BACKGROUND AND MOTIVATION 
  
 
In this section, we will briefly review unconventional superconductivity with a focus on 
the Iron-based high-temperature superconductors (HTS). We will also discuss some of the 
notable tunneling and PCS measurements on high-temperature and other unconventional 
superconducting materials. 
 
2.1 Unconventional Superconductivity 
2.1.1 Introduction to unconventional superconducting behavior 
 
In HTS and other unconventional superconductors, Cooper pairing occurs, and the 
superconducting state is described by the BdG equations, but the pairing mechanism is not 
known, and nature of the OP is more complicated. Furthermore, Landau Fermi-Liquid Theory 
does not explain much of the normal state. 
In an unconventional superconductor, the origin of the pairing differs from the purely 
electron-phonon assisted pairing mechanism. Given by McMillan [8] the theoretical limit of the 
electron and phonon coupling is 28 K, which we now know, can be higher (MgB2 (Tc = 40 K) 
[23]). However, Tc in HTS is generally much higher than this, e.g., La2-xBaxCuO4 (33 K) [24], 
Y1.2Ba0.8CuO4 (93 K) [25], RbCSC60 (56 K) [26] and LaFeAsO1-x (56 K) [27], HgBa2Ca2Cu3O8+δ 
(153 K at 150 kbar) [28]. At such high temperatures, strong thermal fluctuation breaks the 
electron-phonon coupling assisted Cooper pair formation. There do exist exceptions, e.g., the 
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recent discovery of H2S (~180 K), but this kind of BCS superconductivity has only been 
achieved under extreme lab conditions. Thirty years have passed since the discovery of HTS, and 
the pairing mechanism remains a hot research topic. 
An unconventional superconductor is usually defined as having an OP of lower symmetry 
than that of the underlying lattice [29]. This is not true for the specific case of the proposed S± 
OP in the HTS iron chalcogenides and pnictides. Another definition of the unconventional 
superconductors has recently been proposed [30], [31]: In an unconventional superconducting 
system, the electron fluid above critical temperature is a non-Fermi liquid and in the case of the 
cuprate and Fe-based superconductors, breaks lattice symmetry, e.g., stripes [32] and electronic 
nematicity [10], [32].  
The term nematicity comes from the field of liquid crystals where the crystallites have no 
positional order but tend to point in a single direction; or C2 symmetry (Fig. 2.1 inset). 
Electronic nematicity is defined in the same way, and in fact the electron fluid exhibits C2 
symmetry, breaking the C4 symmetry of the underlying lattice. Electronic nematicity has been 
reported for many Fe-based superconductors [33] and is characterized by a significant 'nematic 
susceptibility,' that is, the electronic ground state has a strong tendency to deform in response to 
a small structural symmetry-breaking perturbation [34].  
The properties of the iron-based superconductors change dramatically with doping, and a 
typical hole-doped iron-based superconductor phase diagram is given in Fig. 2.1, where the 
structural, TS, and antiferromagnetic (AF), TN, transition boundaries are denoted. Below TN, the 
AF structure is an intriguing spin-density wave (SDW). Above TS, the crystal structure is 
tetragonal, and below Ts it is orthorhombic. In conventional Fermi liquids, the symmetry of the 
28 
 
electronic ground state is that of the underlying lattice. Nematicity with a C2-symmetry of the 
electron fluid in the C4 symmetry lattice was observed above TS, in BaFe2-xCo2xAs2 [32] and 
NaFeAs [35]. We will discuss more about the iron-based superconductors in the next section. 
 
Fig. 2.1: Schematic temperature versus chemical-doping phase diagram of an iron-based 
superconductor denoting the structural (TS), antiferromagnetic (TN), and superconducting (TC) 
phase transitions. [34] Inset: a schematic presentation of the nematic state: electron clouds have 
no positional order but tend to point in a single direction. 
 
Besides the iron-based superconductors, there are another two major families of 
unconventional superconductors: copper-based superconductors and heavy fermion 
superconductors. However, the heavy Fermi superconductors are generally not HTS. For copper-
based HTS, the parent compounds are antiferromagnetic Mott insulators. Superconductivity 
emerges when this state is suppressed by various methods, e.g. doping or pressure, and their 
superconducting OP symmetry is d-wave, as opposed to the s-wave OP symmetry in 
conventional superconductors. The underlying features of the copper-based HTS are their CuO2 
layers (Fig. 2.2), which are weakly coupled to each other resulting in quasi-2D electronic 
structures. One of the hottest topics of the copper-based HTS is the pseudogap region above the 
29 
 
superconducting dome, which might provide the key to understanding the origin of its 
superconducting Tc.  And, there is substantial evidence that the electron pairing potential is from 
the exchange of collective excitations in the spin channel [36]. 
 
 
Fig. 2.2: Crystal structures of four cuprates. (A) The unit cells of Hg1201, YBCO, LSCO, and 
Tl2201. (B) The universal building block of the high-Tc cuprates is the CuO2 sheet.  Adapted 
from [37]. 
 
2.1.2 Iron-based superconductors 
 
The iron-based superconductors were discovered in 2008 [38] miraculously, with Fe 
being a strong ferromagnetic element, which had long been considered detrimental to 
superconductivity. Similar to the Cu-based HTS, Fe-based HTS are also layer structured, and 
superconductivity originated in the layer of the Fe and pnictogen/chalcogen atoms. The spacer 
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layers can be rare earth elements, oxygen, alkaline earth or alkali metals. However, the Fe-based 
HTS are quite different from the Cu-based HTS. In the Cu-based HTS, there is a pseudogap 
region between the superconducting dome and antiferromagnetic states, while, Fe-based HTS 
generally undergo a structural phase transition. The normal state of Fe-based HTS is insulating 
and usually referred as “bad metal.” A side-by-side comparison of the phase diagrams is given in 
Fig. 2.3. 
 
Fig. 2.3: Comparison of generalized phase diagrams between copper- and iron-based HTS. 
Source: http://www.physics.berkeley.edu/research/lanzara/research/pnictide.html 
 In Cu-based HTS, mainly due to the hybridization of Cu 3𝑑𝑥2−𝑦2 and O 2𝑝𝑥,𝑦 orbits, a 
single band crosses the Fermi level, typically resulting in a large hole-like Fermi surface [39]. In 
contrast, in Fe-based HTS, a multi-component Fermi surface will rise due to the hybridization of 
the Fe 3𝑑 orbits and pnictogen/chalcogen 𝑝 orbits. The band structure could be calculated using 
local density approximations [40], and is shown in Fig. 2.4. There are several bands that cross 
the Fermi surface, both electron- and hole-like, resulting in a multiband system, as shown in Fig. 
2.5(a). In Fig. 2.5(b), we present three possible scenarios for the superconducting OP symmetry 
in Fe-based HTS: S± structure with isotropic gaps (left) and anisotropic gaps (middle), and d-
31 
 
wave (right). The conventional s-wave OP symmetry has been ruled out by the results of many 
experiments. S± means that the OP changes signs between the electron and hole pockets, and is 
shown in the left and middle diagram of Fig. 2.5(b). The diagram for S++-wave (not shwon in 
the figure) is quite similar, and in that scenario, the signs remain the same.The direct interaction 
between the electron pockets is weak and is instead dominated by the effective interaction 
involving the hoping between the electron and hole pockets which can be realized by positioning 
a node either away from the Fermi energy (midle diagram in Fig. 2.5(b)) or directly at the fermi 
surface (left diagram in Fig. 2.5(b)) [41]. We will discuss a specific experiment designed to 
distinguish the S++ and S± OP symmetries in a later section. 
Fe-based superconductors have many varieties, such as ten parent materials, 1111, 122, 
111, 112, 245, 11, thick blocking layer bearing materials [42]. Crystal structures are shown in 
Fig. 2.6, and all the five structures of Fe-based materials known to support superconductivity are 
tetragonal. 
 
Fig. 2.4: The calculated electronic density of states and projections onto atom centered spheres of 
radius 2.1 Bohr following Ref [43]: (a) FeSe, (b)LaFeAsO. Adapted from [40]. 
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Fig. 2.5: Fermi surfaces of Fe-based HTS (BaFe2As2 with 10% substitution of Co). (a) Two 
circular hole pockets (purple and blue) are centered at the Γ point, and the electron pockets (red) 
are at the M point. (b) The diagrams for various superconducting order parameter symmetries. 
For s-wave, the order parameter has different signs for different bands, as shown for the S± 
structure with isotropic gaps (left) and anisotropic gaps (middle). For d-wave (right), the OP has 
a line node and changes sign after every rotation of π/2. Adapted from [44] 
 
 
Fig. 2.6: The five tetragonal structures known to support Fe-based HTS. Adapted from [44]. 
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 For Fe-based HTS, the highest Tc is observed in the 1111 family, approaching 60 K; 
however, the growth of the large single crystals has only recently been realized [45]. In the 
meantime, most of the experiments are done on the 122 family, due to the availability of large 
single crystals. The spacer layer in the 122 family are usually alkaline earth metal, and 
superconductivity can be induced by either electron doping or hole doping. For the specific case 
of Ba2Fe2As2, superconductivity can also be realized by replacing As with P (isoelectronic 
doping) [46]. 
 The simplest Fe-based superconductors are from the 11 family, and FeTe is considered as 
its parent compound [47]. Since the 11 family does not contain toxic elements such as arsenic or 
fluoride, it is much milder in toxicity, which is a very significant factor for applications based on 
environmental and public health considerations. As shown in Fig. 2.6 the lattice of the 11 family 
is constituted by the repetition of layers of Fe and chalcogenide atoms. This structural setup 
makes the 11 family crystals very easy to exfoliate, which is an excellent property when a clean 
interface is needed. Also, excess Fe atoms are known to exist in the lattice, and samples with a 
higher level of excess Fe atoms tend to be more readily cleavable. Superconductivity in FeTe can 
be induced by replacing the Te atoms with chalcogen atoms, such as O[48], Se [49][50], and 
S[51][52]. In the later chapters, we will present our work on both Se and O “dopings.” A phase 
diagram for Fe1+ySexTe1-x is shown in Fig. 2.7. FeTe has a tetragonal structure and shows 
monoclinic distortion accompanied by an SDW state at low temperature [53]. By substituting Te 
atoms with Se, the crystal lattice undergoes a transition from monoclinic to orthorhombic. And it 
is typically noted that the superconducting Tc reached its maximum when the structural distortion 
and magnetic state are completely suppressed. 
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 There have been a number of studies of the Fe1+yTe and Fe1+yTe1-xSex materials, 
including transport [54][49], optical properties [55], angle-resolved photoemission (ARPES) [56]. 
The carriers in the materials come from hole pockets and electron pockets. 
 
Fig. 2.7: phase diagram for Fe1+ySexTe1-x. Adapted from [50]. 
 
2.1.3 Proximity Fingerprint of S±/S++ Order Parameters. 
 
 The superconducting OP symmetry is one of the most important keys to understanding 
the pairing mechanism in Fe-based superconductors. In spite of the extensive pursuits via 
multiple experimental methods, the OP symmetry in Fe-based superconductors remains much 
debated.  
The most convincing demonstration of the S± OP could come from a phase-sensitive 
measurement. Several experimental implementations of the Josephson effect as a phase sensitive 
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tool have been proposed for the Fe-based HTS [57][58]. However, the experiments are quite 
challenging and required electrical transport measurement in very restricted geometries and 
conditions. None of these experiments have been realized yet, and it is desirable to design an 
experiment with better control. A later experiment was proposed by A. E. Koshelev and V. 
Stanev [59] to use the proximity effect to detect the fingerprint for the S± OP symmetry 
straightforwardly, as shown in Fig. 2.8. In the experiment, a unique N/I/S1/S2 tunnel junction is 
used. Compared with the traditional N/I/S junction, the superconducting electrode is replaced 
with a bilayer combination of a s-wave superconductor and the Fe-based HTS under 
investigation, as shown in Fig. 2.8 inset. When the thickness, 𝑑𝑠, of the s-wave superconductors 
is small compared with its coherent length, and the coupling between the two superconductors is 
weak, proximity effect will force one of the OP (∆1) in the Fe-based HTS to align with the s-
wave OP (∆𝑠), and the other OP (∆2) to anti-align (align) with the ∆𝑠 if the OP in the Fe-based 
HTS is s± (s++). In the tunneling spectrum, this proximity aligning/anti-aligning effect will 
manifest itself as a small peak/dip, which is shown as the blue on-line in Fig. 2.8. 
 There are also other phase sensitive measurement proposals for the s± OP, such as the 
solition experiment [60]. However, the fingerprint proximity tunneling measurement is one of 
the most approachable experiments, since it only requires conductance measurement and there is 
not any requirement of specialized equipment. 
 Before moving on to topics about the nematic states and the more general non-Fermi 
liquid behavior, we will first review some notable tunneling experiments on HTS. 
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Fig. 2.8 (Blue color on-line) Representative DOS for a thin layer of the s-wave superconductor 
on the top of the s±-superconductor as illustrated in the inset. The dashed line shows the bulk s-
wave DOS. The dip caused by the anti-aligned band provides a definite fingerprint of the s±-
Order Parameter. Adapted from [59]. 
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2.2 Notable tunneling experiments on HTS and investigation of Fe-based 
superconductors 
  
In this section, we will briefly review a few representative tunneling measurements on 
HTS. Partly due to the material inhomogeneities and the difficulty to control the tunnel barrier, 
scanning tunneling spectroscopy (STS) is typically used to study the properties of the HTS and 
has made remarkable progress in the understanding of its underlying mechanism. 
 Bi2Sr2CaCu2O8+δ (Bi2212) is the most widely investigated HTS using STS for a simple 
reason: it is readily cleavable, therefore, clean and flat surfaces could be easily prepared. The 
cleaving most likely occurs between the weakly Van der Waals-coupled BiO layers. One of the 
most comprehensive topographic and spectroscopic STM studies of the CuO2 surface on Bi2212 
was carried out by Misra et al. in 2002 [61]. Fig. 2.9 clearly shows the tetragonal lattice of the 
CuO2 (a) and BiO layers (b). The STM spectra on the BiO plane (Fig. 2.9(c)) shows V-shaped 
dependence near Fermi level and are consistent with a d-wave OP symmetry, while those on the 
CuO2 plane (Fig. 2.9(d)) show a much wider gap with U-shaped energy dependence at small bias. 
This scenario raises the questions about the electronic properties of the CuO2 plane. Misra et al. 
argue that the s-wave-shaped spectra are consistent with the d-wave OP in the CuO2 plane if the 
tunneling matrix element is in an anisotropic form. Despite the large gap revealed by the STS 
spectra, their analysis implies that the bare CuO2 plane is superconducting, which is a very 
significant finding. However, their analysis does not account for the peaks at higher bias and 
does not exclude the possibility of the existence of the pseudo-gaps. 
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Fig. 2.9: STM topography and spectroscopy of a cleaved Bi2212 thin film. (a) 100×100 Å2 
topographic image of a BiO plane. (b) 64×64 Å2 topographic image of a CuO2 plane (inset 8×8 
Å2). STM spectra were taken at the indicated distances along a straight line (c) on the BiO plane 
and (d) on the CuO2 plane. All data were taken with V=200 mV and I=200 pA, and the spectra 
are offset for clarity. Adapted from [61]. 
 
 One of the first evidence of the pseudo-gaps was detected by Renner et al. [62] in 1998. 
The STS spectra between an iridium tip and underdoped Bi2212 with 𝑇𝑐 = 83 𝐾, ∆= 44 𝑚𝑒𝑉 
are shown in Fig. 2.10. The signatures of the pseudo-gap with the same amplitude as the 
superconducting gap survive up to 𝑇∗ near room temperature. A clear tendency of the pseudo-
gap to increase with temperature when approaching 𝑇∗ can be easily observed in Fig. 2.10(b) and 
it appears that instead of closing the gaps, the pseudo-gaps are gradually filled up with increasing 
temperature. Besides the underdoped samples, similar spectra were also detected in overdoped 
Bi2212, in which the pseudo-gap magnitudes are smaller and filled up more quickly with 
increasing temperature. Renner et al. argue that the pseudo-gap state is the precursor to 
superconductivity and both of them are from the same origins. 
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Fig. 2.10: STM spectra measured as a function of temperature on underdoped Bi2212. (a) 3-D 
view of the conductance spectra. The highlighted curve is the spectrum measured at Tc. (b) 
Projection onto the energy-temperature plane. The position of the positive bias conductance peak 
is indicated by a line which shifts to higher energies above Tc. Adapted from [62]. 
 
 Besides Bi1222, there are also many STS and planar tunneling spectroscopy 
measurements on YBCO [63][64][65][66][67] and LSCO materials [68][69], which successfully 
detected their d-wave superconducting OP symmetry.  
The Fe-based superconductors are also the subject of intense research effort. Unlike 
cuprates whose superconductivity is achieved by doping a parent Mott insulator, the 
superconductivity of the iron-based superconductors emerges from an antiferromagnetic metallic 
normal state. In the normal state, the Fe-based superconductors can show electronic nematicity 
as discussed earlier. This was first detected as a stress-induced resistivity anisotropy in the 
tetragonal state [70][71][72][73] (as shown in Fig. 2.11). ARPES [74], Far infrared spectroscopy 
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[75], neutron scattering [76], torque magnetometry [77], and inelastic neutron scattering [78] 
also have detected this nematic order in its normal state. 
A nematic phase was directly imaged by STM at the atomic scale in the low-temperature 
orthorhombic state of (Ca(Fe1-xCox)2As2) [79]. Allan, et al. discovered a dense population of 
identical anisotropic impurity states could be generated by substituting Co for Fe atoms in 
underdoped Ca(Fe1-xCox)2As2. 
 
Fig. 2.11: Temperature dependence of the in-plane resistivity ρa (green) and ρb (red) of Ba(Fe1-
xCox)2As2 for Co concentrations from x = 0 to 0.085. TS and TN are marked by solid and dashed 
vertical lines, respectively. Resistive anisotropy is detected for the underdoped samples but not 
for the optimally doped one. Adapted from [70]. 
 
It is clearly important to understand the phenomena associated with the normal state from 
which the superconductivity emerges. Extensive studies on the magnetic order of the normal 
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state have been reported [79][80], several theoretical explanations have been proposed, and the 
most likely two are spin coupling [72] and orbital ordering [81][82]. 
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2.3 PCS as a probe of non-Fermi liquid behavior 
 
Non-Fermi liquid (NFL) behavior arises from strong electron correlations.  This refers to 
the behavior of electrons in solids that cannot be described by the simple non-interacting one-
electron theories, including spin-charge separation [83], half-metallicity [84]; stripes, pseudogap, 
temperature-dependent charge density waves [85], and Mott-insulating behavior in the HTS 
cuprates [86]; electronic hybridization and large electron masses in heavy fermions [12][87][88] 
and electronic nematicity in the HTS Fe pnictides and chalcogenides [32]. 
Experimental spectroscopic methods, such as neutron scattering, ARPES, resonant 
photoemission, RIXS, and STM, have been widely used to study the properties of strongly 
correlated electron systems. Our recent work shows that PCS is also a delicate probe for 
detecting non-Fermi liquid behavior in strongly correlated electron systems. 
For heavy fermion compounds, PCS is very sensitive to the hybridization gap and detects 
the Kondo lattice onset as a Fano line shape in the background conductance spectrum. One of the 
hottest topics in heavy fermion materials is nature of second-order “hidden order” phase 
transition that occurs in URu2Si2 at 17.5K [89]. Despite ubiquitous gap-like behaviors observed 
in neutron scattering measurement, the PCS studies [12][87] indicate the hybridization gap 
between the renormalized bands could not be the “hidden” order parameter since PCS reliably 
detects the hybridization gap opens at ~34K (Fig. 2.12(a)). The double-peak structure of the 
hybridization gap is asymmetric (Fig. 2.12(b)); a clear signature for a Fano resonance in Kondo 
lattice.  
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Similar to URu2Si2, the PCS conductance on heavy fermion superconductor CeCoIn5 [88] 
also displays asymmetric Fano background. Besides the large mismatch in Fermi velocity, the 
measured Andreev signal is highly reduced to the order of maximum ~13% compared with the 
theoretically predicted value 100%, which does not fit well into any previous theoretical 
framework. A phenomenological model [90] is proposed to describe the data since it is highly 
likely that the electrical conduction occurs as a Fano interference effect between a channel into 
heavy-electron liquid and the other into the conduction electron continuum.  
 
Fig. 2.12: PCS conductance characteristics measured on URu2Si2. (a) Temperature dependence 
of spectra well above THO. All curves except for T = 21.6 K are shifted vertically for clarity. A 
double-peak structure due to a hybridization gap is clearly seen up to ~34 K (b) Comparison of 
conductance new data (red) [87] from earlier (blue) [12] at about the same temperatures. The 
asymmetric double-peak features could be easily seen from either of the curves. Adapted from 
[87]. 
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Fig. 2.13: Excess conductance above superconducting and structural transitions is detected in Fe-
based HTS. (a) Conductance for BaFe2As2. (b) Conductance for Fe1.13Te. (c) Phase diagram for 
Ba(Fe1-xCox)2As2. The structural, magnetic and superconducting transition temperatures (TS, TM, 
TC) are determined by bulk resistivity measurements, as in (d). For the underdoped side, a new 
region is marked (diagonal stripes) indicating the conductance enhancement above TS. Adpated 
from [10]. 
 
PCS has also been used to probe the non-Fermi liquid behavior of the HTS iron 
chalcogenide and pnictides (Fig. 2.13(a)(b)). A PCS conductance enhancement is detected well 
above the magnetic and structural transition temperatures [10], and it has been shown to be 
associated with the electronically nematic order in the normal state. A theory also shows that 
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orbital fluctuations produce a self-energy (arises from NFL behavior) and can be manifested as 
an enhanced density of states at the Fermi level [81]. Based on the excess conductance data set 
above TS, a revised phase diagram for Ba(Fe1-xCox)2As2 is given in Fig. 2.13(c) by marking a 
new line indicating the temperature below which the enhancement is detected. It needs to be 
mentioned that the structural, magnetic and superconducting transition temperatures (TS, TM, TC) 
are not detected in the PCS measurement, instead, they are determined by bulk resistivity 
measurements, as shown in Fig. 2.13(d). 
A later theory developed by Wei-Cheng Lee [91], using the non-equilibrium Schwinger-
Kadanoff-Baym-Keldysh (SKBK) formalism directly shows that the PCS conductance is 
proportional to the effective density of states, that is, the integrated single-particle spectral 
function 𝒜(w = eV) over the whole Brillouin zone. Based on the SKBK formalism, the PCS 
current could be expressed as: 
𝐼 =
𝑒
ℏ
∫
𝑑𝜖
2𝜋
𝑇𝑟 [
Γ̂𝐿(𝜖)Γ̂𝑅(𝜖)
Γ̂𝐿(𝜖)+Γ̂𝑅(𝜖)
Â(𝜖)] × [𝑓𝐿(𝜖) − 𝑓𝑅(𝜖)],                              (2.3.1) 
where 𝑓𝐿(𝜖), 𝑓𝑅(𝜖) is the Fermi-Dirac function of left and right electrodes, respectively, and  
Â(𝜖) = 𝑖[?̂?𝑟(𝜖) − ?̂?𝑎(𝜖)],                                                (2.3.2) 
is the single-particle spectral function defined as the imaginary part of the full Green function. 
?̂?𝑟,𝑎(𝜖) are the retarded and advanced Green functions containing self-energies. Lee presents 
that, by taking several reasonable approximations, Eqn. 2.3.1 can be reduced to:  
𝐼 =
𝑒
ℏ
∫
𝑑𝜖
2𝜋
𝑇(𝜖)𝐷(𝜖)[𝑓𝐿(𝜖) − 𝑓𝑅(𝜖)],                                    (2.3.3) 
Where, 
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𝐷(𝜖) = ∫𝑑𝑝∥⃗⃗  ⃗𝛿(𝜖 − 𝐸𝑝∥⃗⃗⃗⃗ ) , 𝑇(𝜖) = [
Γ𝐿(𝜖)Γ𝑅(𝜖)
Γ𝐿(𝜖)+Γ𝑅(𝜖)
],                           (2.3.4) 
are the density of states for the quantum channel and transmission coefficient respectively. 
Assuming 𝜇𝑅 = 0, 𝑒𝑉 = 𝜇𝐿 − 𝜇𝑅 ≪ 𝐸𝐹 , and a clean interface between the two electrodes, the 
conductance can be simplified to:  
𝑑𝐼
𝑑𝑉
=
𝑒2𝑇Γ
ℎ
∫𝑑𝑝∥⃗⃗  ⃗𝒜(𝑝∥⃗⃗  ⃗, 𝑒𝑉),                                            (2.3.5) 
here, 𝑇Γ(=
Γ𝐿Γ𝑅
Γ𝐿+Γ𝑅
) can be treaded a constant (since the energy scale we care about: 𝑒𝑉 ≪ 𝐸𝐹). It 
means that PCS conserves momentum μs by sampling almost the whole Fermi surface. Therefore, 
PCS is insensitive to simple Fermi surface reconstruction effects, such as the structural and 
antiferromagnetic transitions in these materials. In such, the PCS is a good filter for non-Fermi 
liquid-like behavior.  
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2.4 PCS Junction Fabricated with Lithography 
  
As we have talked in the previous section, PCS is a single but very powerful method to 
explore the properties of the materials. However, the greatest long-standing question in PCS is 
the junction geometry. The idea of using lithography to fabricate PCS junctions with well-
controlled geometry was first realized by Ralls et al. in 1989 [92]. A tiny hole was patterned on a 
30-nm-thick silicon nitride membrane using e-beam lithography and reactive ion etching. The 
point contact junction structure was achieved by evaporating a 200-nm-thick layer of metal on 
both sides of the membrane. The hole was filled with metal so that a nano-bridge was formed 
between the two metal layers, as shown in Fig. 2.14 While this technique has the advantage of 
good control of the junction geometry, it is limited in practice by the need to deposit high-quality 
thin films on both sides of the membrane, and many materials are not conducive to thin-film 
growth. This technique was duplicated by Holweg et al. at T.U. Delft[93], and later studied using 
electron microscopy in the same lab. 
 
Fig. 2.14:  Schematic view of PCS junctions by e-beam lithography designed by Ralls [92]. 
 
Using a method similar to Ralls methods, Charlie Steiner, a former student in our group, 
attempted to fabricate PCS junctions using focused ion beam (FIB) [94]. On thermally 
evaporated Pb film, a 70 nm layer of AlOx was deposited by reactive sputtering. FIB was then 
used to open a nanohole in the insulating AlOx barrier, and a Pt-C amalgam was used to fill the 
hole as a PCS probe. Some spectral information was obtained, but due to various issues in the 
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fabrication process, such as charge accumulation during FIB milling, the results were not 
reproducible. 
Meanwhile, a variety of lithography methods has been widely used to in electronic 
transport and Josephson junction measurements [95]. Scales of a few hundred nanometers (much 
larger than the ballistic regime in most materials) were readily obtained by either e-beam 
lithography or focused ion beam. But the creation of junctions small enough to be in the ballistic 
regime is not a trivial task. Several attempts have been reported and in PCARS, and Andreev 
reflection signals have been observed [96][97]. We note that all of these methods need very 
complex multistep processing and have very limited applications, e.g. in work reported in [97], 
superconducting tungsten-hexacarbonyl needed to be deposited by the focused ion beam to form 
a nano-tip. We tried to reproduce the experiment in a similar setting by depositing Pt as a tip to 
contact Nb and found that it was very challenging to deposit such a small contact in a precise 
location. By far, very few experiments have been reported for nanofabrication of PCS junctions 
on crystals.  
Based on the idea of nano-patterning on thin films discussed above, an improved method 
to fabricate in-plane PCS junctions is under development in our group. Au and Nb films 
patterned by a combination of regular UV and FIB lithography have been investigated by both 
me and a former student, Cesar Ascencio. We adopted a multi-step recipe, in which different ion 
beam currents are utilized, and the junction size could be easily reduced to the scale of tens of 
nanometers with very uniform geometry. And I have also developed a new method to fabricate 
nano-scale PCS junctions from the vertical direction on both thin films and single crystals. 
Details about the two new PCS junction nanofabrication methods will be covered in later 
chapters. 
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CHAPTER 3 EXPERIMENT 
 
 
 In this chapter, we will talk about the techniques used in our experiments, such as thin 
film growth, photolithography, and focused ion beam machining. We will also present several 
different tunneling and PCS junction designs, and the recipes used to fabricate them.  
 
3.1 Thin film growth 
 
The preparation of the tunnel junction devices usually involves thin-film growth for both 
electrodes and insulating barrier. Physical vapor deposition (PVD) and chemical vapor 
deposition (CVD) are the most widely utilized techniques to grow thin films. In a PVD system, 
the surface of a target or bulk materials source is vaporized and deposited onto a substrate some 
distance away. Therefore, a vacuum system is required to minimize contaminations and allow 
the vapor particles to travel as freely as possible thereby minimizing contaminations. In a CVD 
system, gas-phase precursors react in a chamber and solidify to be deposited onto the substrate. 
In our lab, a wide range of deposition methods have been employed, such as sputtering, thermal 
or electron beam evaporation, plasma enhanced chemical vapor deposition (PECVD), and atomic 
layer deposition (ALD). In the following sections, thin film deposition methods used in the 
device fabrication process will be introduced. 
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3.1.1 Magnetron Sputtering 
 
Sputtering is a physical vapor deposition process in which atoms are ejected from the 
surface of a solid cathode as a result of collisions with high-energy inert gas ions, such as Ar+. A 
basic schematic for a sputtering system is illustrated in Fig. 3.1. Both the target and the substrate 
are planar plates. The sputtered atoms are accelerated toward the substrate via a potential 
difference between and the target and sample stage and condense to form a thin film. The 
sputtering deposition rate is controlled by the power used to generate the plasma and does not 
change with film thickness. Various materials such, as Al, Au, Nb, Yb, Si, SiO2, Si3N4 and 
YBCO can be deposited by sputtering. 
A sputtering system can be operated with both RF and DC plasma. The RF plasma helps 
sputter insulators more efficiently. High frequency alternating current is applied to the electrodes 
so that the target is alternatively bombarded by positive ions and negative electrons, which will 
neutralize the charge accumulation. However, the deposition rate of the RF sputter of insulating 
materials is very slow, e.g. SiO2 growth rate at 50 W is less than 0.1 Å/s in our lab. DC 
sputtering works effectively for metals. However, charges will accumulate and eventually stop 
the sputtering process if we attempt to use DC sputtering to deposit insulating material.  
Reactive sputtering is a solution to deposit insulating materials at a much faster rate using 
a DC power supply. In the process, a reactive gas supply is introduced into the chamber, such as 
O2 or N2 together with Ar. The sputtered particles undergo a chemical reaction with the reactive 
gas before condensing on the substrate. Reactive sputtering is used to deposit AlOx, SiOx, and 
SiNx, and the composition of the film can be controlled by varying the ratio of inert and reactive 
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gases. In our experiment, the mixture of O2 and Ar at the ratio of 1:3 is used for growth of 
insulating SiOx. 
 
Fig. 3.1: Schematics of the sputtering system.  
Source: https://en.wikipedia.org/wiki/Sputter_deposition#/media/File:Sputtering.gif 
 
The magnetron sputtering systems in our lab (usually referred as System I and II) have 
been functioning reliably for many years. Both of the two systems are UHV compatible with a 
base pressure of 10-9 Torr with the use of a liquid-nitrogen cooled Meissner trap. The recent 
upgrade of System II added an ion mill, an oxygen plasma generator, and in-situ measurement 
probes to the system, which enables many processes, such as in-situ substrate cleaning, 
controlled plasma oxidization, and in-situ electronic property characterization of the 
devices/films.  
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3.1.2 Evaporation 
  
Evaporation is a simple film deposition technology and can be used to deposit most solid 
state materials. There are two major types of the evaporation sources: thermal evaporation and 
electron beam (e-beam) evaporation. In the thermal evaporation system, the source material is 
heated in high vacuum until it is evaporated. Evaporated atoms rise from the source in a cone-
shaped vapor cloud and travel directly to the target substrate, where they condense back to the 
solid state. Low melting point metal, such as silver and lead can be easily deposited using 
thermal evaporation. However, if the melting point is too low, such as the melting point of 
aluminum, the deposition speed might not be easy to control.  
 E-beam evaporation is much more flexible and can be used with a wider selection of 
source material. Thermal evaporation is usually limited by the melting point of the heater 
material, which is compensated for with the use of ab e-beam heating source.  
 The deposition rate via evaporation does not depend on film thickness. However, it might 
be significantly influenced by the melting of the source material. Alloys and compounds might 
still be challenging to evaporate from a single source since different elements have different 
vapor pressures at a given temperature, resulting in the components of the deposited film being 
distinct from the source.  
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3.1.3 Plasma enhanced chemical vapor deposition 
 
Plasma-enhanced chemical vapor deposition (PECVD) is a process used to deposit thin 
films from a gas state (plasma) to a solid state on a substrate via chemical reactions. The plasma 
is created by an RF frequency or a DC discharge in the sapce between two electrodes, which is 
filled with the reacting gasses. A basic schematic of a PECVD system is illustrated in Fig. 3.2. 
 
Fig. 3.2: Schematic of a PECVD system.  
Source: http://www.dowcorning.com/images/body/etronics_cvdtut_plasma_enhanced.jpg 
 
 The most typical films formed by PECVD are Si-based, such as SiO2, Si3N4, and 
amorphous Si. In our experiment, PECVD is used to grow a SiO2 insulating layer for a PCS 
junction nanofabricated by focused ion beam. The specific recipe we use to grow the 50 nm SiO2 
layer in a commercial PECVD system (Unaxis SLR730) is listed below: 
1) N2 Purge: N2 250 sccm, 2 min, 300 mTorr; 
2) Evacuate: 1 min; 
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3) Thermal Soak & Gas Stabilization: SiH4 490 sccm, N2 800 sccm, N2O 603 sccm, 3 min 30 sec, 
900 mTorr; 
4) Oxide Deposition: SiH4 490 sccm, N2 800 sccm, N2O 603 sccm, 2 min 30 sec, 25 W, 900 
mTorr; 
5) N2 Purge: N2 850 sccm, 1 min 30 sec, 1000 mTorr; 
6) Evacuate: 3 min. 
 
3.1.4 Atomic Layer Deposition of Al2O3 
 
Atomic layer deposition (ALD) is a chemical vapor growth technology that uses self-
limited surface reactions to grow films in an atomic layer-by-layer fashion, yielding precise sub-
nanometer thickness control [10]. It is also used for conformal film growth [98][99]. ALD is a 
key process in the fabrication of semiconductor and other nanomaterial devices. And our recent 
study [100] shows that Atomic layer deposition (ALD) is a promising method for growing 
ultrathin and low-defect barriers for large planar tunnel junctions. 
Due to its broad application prospects, ALD growth of Al2O3 is studied in our work, 
based on the chemical vapor reaction [99]:  
    2Al(CH3)3+3H2O→Al2O3+6CH4                                          (3.1.1) 
In general, this reaction is done via the following two steps in sequence, a cartoon illustrating the 
mechanism is also given in Fig. 3.3: 
  AlOH*+Al(CH3)3→AlOAl(CH3)2*+CH4                         (3.1.2) 
AlCH3
*+H2O→AlOH*+CH4               (3.1.3) 
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Fig. 3.3: Mechanism for Al2O3 ALD during TMA reaction (upper) and H2O reaction (lower). 
Source: https://en.wikipedia.org/wiki/Atomic_layer_deposition 
 
During the reactive growth, alternating gaseous chemicals (known as precursors) of 
trimethylaluminum (TMA) and H2O are brought to the sample surface by an N2 gas carrier of 
ultra-high purity (99.999%). Pulses are separated by N2 gas flushes to ensure the two different 
precursors never meet in the gaseous state. A standard ALD cycle consists of four steps: water 
exposure, purge with N2, TMA exposure, and again purge with N2. An H2O pulse is applied at 
the beginning and the hydroxyl groups will bond to the sample surface. This is followed by an N2 
purge to remove excessive H2O vapors and leaves one layer of the molecules adhering to the 
sample surface. The same process is then applied to TMA, facilitating the Al-methyl group to be 
absorbed and bonded atop of the hydroxyl group. The cycle is completed after the residual TMA 
is removed by the last N2 purge [100]. This sequential exposure to H2O and TMA constitutes a 
typical ALD cycle [99] and is repeated to achieve the desired film thickness.  
In our experiment, Al2O3 ALD films are grown using H2O (Optima grade) and TMA 
(semiconductor grade) in a commercial ALD system (Cambridge Nanotech) using the 
parameters shown in Table 3.1, with the chamber temperature set to 80°C, and the N2 gas flow 
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set to 10 sccm.  The deposition rate is 1.1 Å/cycle, calibrated using interferometry on a 900-cycle 
Al2O3 film. 
Table 3.1: H2O and TMA precursor settings for ALD growth of Al2O3. 
Gas Pulse(s) Purge (s) Precursor Heater Temperature (°C) 
H2O 0.03 65 150 
TMA 0.03 65 75 
  
  
The process of ALD is very slow, which is known as its major limitation since adequate 
time needs to be ensured in each reaction step so that saturation in the adsorption can be 
achieved. This time depends on two major factors: the precursor pressure and the sticking 
probability. ALD is typically used for nanotechnology. Therefore, thick deposition layers are not 
needed. For thick insulation layer growth, we usually decrease the purge time for both the H2O 
and TMA precursors to 30 – 35 s. Under this condition, the film is still a good insulator, and no 
noticeable degradation in the film quality has been found.  
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3.2 Planar tunnel junction designs 
 
As we have discussed in the previous chapters, electron tunneling spectroscopy has been 
utilized extensively to study the properties of superconducting materials, particularly their 
superconducting density of states. Although scanning tunneling spectroscopy (STS) exhibits 
unprecedented spatial resolution, planar tunneling spectroscopy is far more robust to vibration, 
and it is much more amenable to temperature, applied fields and uniaxial stress measurements. 
The tunnel barrier is crucial to the overall performance of the tunnel junction, and various 
barrier formation methods have been reported, including the direct growth of a thin layer of 
insulating material [101], thermal [102] and plasma oxidation [103] of either a thin metal layer or 
the surface of the bottom electrode [104]. All of these methods have been utilized in our study. 
In our experiment, planar tunnel junctions are fabricated in three designs: (1) Duco 
cement method, (2) Micro-bead method, and (3) photolithography method depending on the 
physical properties of the sample under investigation. In Chapter 5, we will show that focused 
ion beam micromachining can also be used to make tunnel junction by partially removing a pre-
deposited insulating coating layer. 
 
3.2.1 Duco cement method 
 
The Duco cement method is a very simple junction method, and it works well on both 
thin films and samples with smooth surfaces (either by cleaving or polishing). In this section, we 
use a Nb/Al2O3/Ag planar tunnel junction with ALD deposited Al2O3 barrier (measurement and 
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analysis of this specific junction will be present in Section 4.1) as an example to describe the 
Duco cement method. After that, we will discuss the process used to handle crystals. 
The Nb/ALD Al2O3/Ag junction structure is shown in Fig. 3.4(a), and is similar to that 
used in other experiments [105]. Nb films are deposited on c-cut aluminum oxide sapphire 
substrates (0.495 in. long × 0.295 in. wide × 0.02 in. thick) in a dc magnetron sputtering system 
with a Meissner trap at 480 °C. The sputtering target is 2 in. in diam. discs with ~0.8 in. diam. 
circular erosion area from where the actual sputtering takes place. The base pressure of the 
system is 3-4×10-9 Torr. Before depositing the Nb film, the substrates are baked for 24 hours 
inside the chamber to remove the carbohydrate residues. Sputtering is done in 4 mTorr of 
research purity Ar (99.9999%), with the diffusion pump throttled. The 600 Å-thick Nb films 
used for tunnel junctions reported in this work typically exhibit a Tc of about 9.0 K, close to that 
of bulk Nb, unless otherwise specified. The thickness of Nb electrodes was kept at 600 Å, which 
was confirmed by a surface profilometry measurement.  
These Nb films are transported to the ALD system in an N2-filled sealed container within 
10 min of removal from the sputter chamber. The Al2O3 tunnel barriers are grown in a 
commercial ALD system (Cambridge Nanotech) using the parameters shown in Table 3.1. In our 
work, tunnel junctions of barrier thickness from 4.4 Å (4 cycles) to 11 Å (10 cycles) are 
prepared.  
A Duco cement solution is then used to define the junction area since it is time efficient 
and can minimize the contamination during the junction fabrication process. Diluted Duco 
cement solution is widely used as an insulation layer in lab junction fabrications [105][104]. 
Fresh Duco cement is taken and diluted in acetone at a ratio of about 1:20, at which the solution 
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will become a non-sticky and transparent liquid. If the solution is still turbid, additional acetone 
needs to be added and will typically solve the issue. The Duco solution is applied by using a 
small paintbrush gently on the sample, and it would cure in less than 2 min in the air, leaving two 
strips of a few hundred nanometers in thickness.  It was preferable for the strips to be as thin as 
possible, so it does not crack on the edges. The junction bottom electrode strip was defined by 
the space between the two painted strips. 
Following Duco cement painting, the sample is immediately transported to a thermal 
evaporator chamber with a base pressure below 1×10-6 Torr. Silver strips are deposited through a 
shadow mask at a rate of 7-9 Å/s. The thickness of the Silver counter-electrodes is kept at 2500 
Å and ranges from 100 µm to 500 µm in widths. Fig. 3.4(b) is an optical image of two junctions 
showing their uniformity, and the junction sizes are typically on the order of 1002 micrometers2.  
 
 
Fig. 3.4: (a) Illustration of junction configuration, from the bottom to top (side view): sapphire 
substrates (green), Nb film (bottom electrode, blue), Al2O3 (tunnel barrier, red), Duco cement 
defining junctions (grey), and Ag strip (top electrode, gold); (b) Optical image showing uniform 
junction areas. Adapted from [100]. 
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We’d like to note that the ALD method to grow tunnel barrier was developed only 
recently, and in our previous studies, the tunnel barriers are generally formed by thermally or 
plasma oxidized Al thin layer via sputter or evaporation. However, Thermal and plasma 
oxidation are not completely controllable processes: tunnel barriers achieved via oxidation 
generally are not uniform locally, which may allow current to leak through the interface. This 
issue can be compensated to some extent by increasing the thickness of the deposition material 
on thin film samples while for crystal samples whose surfaces are much rougher, the traditional 
method suffers from very low yields. Therefore, using ALD to grow the barrier for planar tunnel 
junctions is preferable. 
The preparation of crystal samples starts with gluing or fixing the crystals onto a 
substrate or stycast. There are a number of the adhesives for different purposes: the Kapton tape 
and super glue both can be used for most general purposes; silver paint, silver paste, and ceramic 
glue are preferable if heating or sample annealing is needed during sample fabrication. Stycast is 
one of the standard solutions if polishing of the crystal surface is needed. The steps after fixing 
the sample onto the substrate are very similar to what we have discussed before, except that we 
need to be more careful to paint the Duco cement and make sure that it covers the edge of the 
crystals. We also developed a method to exfoliate crystals in situ of the sputter chamber by 
gluing one end of the string onto the sample surface. A clean interface can be obtained as a 
freshly cleaved surface under high vacuum by lifting the string using a controller inside the 
chamber. This in-situ cleaving method works very well on self-exfoliable crystals like Bi2212. 
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3.2.2 Microbead method 
  
I would first like to thank Dr. Juan Miguel Atkinson Mora, who taught me how to use 
microbeads to fabricate small junctions on crystals, and a detailed description of this approach 
can be found in his Ph.D. dissertation [106].  
The Duco cement method is useful if we want a quick way to fabricate a planar tunnel 
junction device. However, it requires a smooth surface area at least about 100 × 100 µm2, which 
is difficult to find on most crystals. Fig. 3.5 shows the image of the surface of FeTe0.55Se0.45 
(with minimal excessive Fe atoms) crystal after cleaving, the large surface roughness makes it 
incompatible with the Duco cement method. 
 
Fig. 3.5: Optical image of surface of FeTe0.55Se0.45 after cleaving. (a) The surface of the some 
badly cleavable crystals. (b) Later, an improved cleaving method was developed for the FeTeSe 
crystals. We put small pieces of Kapton tape around a round stick and rolled it over crystal 
surface gently. A relatively flat area about 0.5 × 0.5 mm2 could be achieved. 
 
 The fabrication of microbead tunnel junctions was done in three sputtering steps. Starting 
with the mounting of the crystals on sapphire substrates and cleaving (if possible), we mask the 
crystal with a custom made shadow mask from aluminum foil to define the area of the junction 
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and the bottom electrode. We proceed to do a brief ion beam clean followed by sputter-
deposition of 50  - 70 nm of Al (or ~ 25 nm of Nb and 10 nm of Al, and in this case, the bottom 
electrodes are made by directly contacting the crystal from its edges). Then we use micro-
manipulator to place 5 µm diameter polystyrene microbeads (02705-AB Polystyrene, suspended 
in DI water; Structure Probe, Inc.) to act as a local mask.  
After that, we cover the entire sample surface with ~150 nm of SiO2 via reactive 
sputtering to insulate the bottom electrode. The beads are then removed using the same 
micromanipulator, and a via-hole of  ~ 2 µm in diameter will be revealed. In this step, reactively 
sputtering is used, since the deposition speed is much faster if compared with the direct growth 
of SiO2 via RF sputtering and e-beam evaporation. Meanwhile, if the insulation layer is instead 
formed by the e-beam evaporation, the size of the via-hole will be ~5 µm in diameter, which is 
the diameter of the microbeads. 
In the final step, we mask the surface for the top electrodes. Before sputter-depositing the 
Au electrodes, we do a brief ion beam etching to clean the junction area in the via-hole and use 
O2 plasma to oxidize the top surface of Al to form a tunnel barrier. 
Compared with other methods to form a planar tunnel junction on single crystals, this 
method is one of the simplest, and an optimal junction location can be easily found under an 
optical microscope. However, the junction yield is still very low, which, we assume, is most 
likely caused by the shorts in the insulation layer on the rough crystal surface. A quick fix is to 
paint Duco cement on the insulation layer to cover most the rough areas before depositing the top 
counter electrodes.  
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3.2.3 Photolithography Method 
 
Photolithography, sometimes also referred as UV lithography or optical lithography, is a 
well-established and widely used microfabrication method to pattern on thin films and smooth 
substrates. It uses light to transform patterns from a photomask to a thin layer of photoresist, 
which is a radiation-sensitive chemical, spread over the surface of the substrate. UV light is used 
to chemically alter the structure of the photoresist, making it susceptible to removal in a chemical 
solution (usually referred to a developer). 
The typical photolithography process consists the following steps: 
1) Substrate cleaning: Solvent and sometimes acid solutions are used to remove the organic 
or metallic residues from the substrate surface. A dehydration bake is also needed to 
remove the residues from the solvents and water. 
2) Photoresist coating: a photoresist is applied through spin coater to form a uniform layer. 
Sometimes, adhesive promoter hexamethyldisilazane (HMDS) needs to be applied before 
the photoresist coating. 
3) Soft bake: Photoresist solidified as the solvent is evaporated from the photoresist. 
4) Mask and exposure: The substrate is covered with a mask using a mask aligner and 
exposed to UV light. 
5) Developing: The substrate is placed in a developing solution. Post bake is performed after 
the developing if needed. 
There are two distinctive lithography processes, positive and negative. For the positive 
process, the portions of the photoresist exposed to the UV become soluble in the developer and 
will be removed. In a negative process, the exposed photoresist becomes insoluble while and 
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unexposed portions are removed, so the negative process is also called image reversal 
photolithography. 
Depending on the model of equipment and the wavelength of the UV light, the smallest 
patterns that can be achieved in general lab conditions is usually a few micrometers. With deep 
UV light source, patterns smaller than 1 µm can also be easily obtained. Besides the higher 
resolution, a key advantage of the deep UV light source is that the developer solution is 
chemically neutral and free of water while the regular UV developers are generally base 
solutions. Certain materials, such as the cuprate materials and Al2O3, can be seriously degraded 
in a regular UV developer solution. The tradeoff is a much longer exposal time. To pattern 
features of even higher precision (≪ 1 μ𝑚), more advanced techniques, e.g. e-beam lithography, 
immersion photolithography, are typically needed. 
In our work, photolithography is used in the junction fabrication because it is the only 
well-established technique to work with “sandwich sample films” with all layers of the junction 
grown in situ at the same time to ensure a clean interface between different layers. Depending on 
the purpose of the junction, the structure of the device film can be one of the two illustrations in 
Fig. 3.6. All device film layers are deposited in situ inside a BME chamber by our collaborators, 
Mao Zheng and Can Zhang from Prof. James N. Eckstein’s group at UIUC. The original 
fabrication recipe was also developed and provided by Mao Zheng.  
 The junction design via photolithography method stated in this work is very similar to 
Zheng’s work on FeTe:Ox [48]. To extend the method from FeTe:Ox films to FeTeSe films, only 
a few parameters, such as the etching time, need to be modified. 
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Fig. 3.6: Film structure (Not to scale) (a) Junction films for single tunnel junctions (b) Junction 
film with s-wave superconductor layer (Al) for proximity fingerprint experiments. 
 
 The junction fabrication processing takes five steps, as illustrated in Fig. 3.7. And 
photolithography needs to be repeated for four times to process a sample film into a device. All 
of them use the same recipe as listed below: 
1) Prebake the sample at 150 ºC for 3 min; 
2) Spin MMA at 4000 rpm for 45sec, then bake at 150 ºC for 5 min; 
3) Spin 950K PMMA A4 at 4000 rpm for 45 sec, then bake at 150 ºC for 5min; 
4) Expose (Deep UV, 5790mJ/cm2); 
5) Develop mask with 3:1 IPA: MIBK solution for 60 sec; 
6) Post-bake at 90 ºC for 1 min, no higher than 100 ºC;  
7) Rinse with IPA. 
We would also like to note that deep UV is used here not only to achieve a higher 
patterning solution but also (more importantly) to protect the sample films. Since the developer, 
such as AZ 917 MIF (for AZ 5214, one of the most commonly used photoresists for regular UV), 
are base liquid, it has been found to attack the Al layer seriously and thus cannot be used. 
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Fig. 3.7: Planar tunnel junction fabrication steps by the photolithography method. (Not in scale) 
(a) Illustration of the color scheme. (b) Mesa etch and device isolation. (c) SiO2 passivation and 
via hole etch. (d) Wire-up. Images courtesy of Allison Dove, the current direction in the 
measurement is illustrated as the red arrows.  
 
 The device fabrication process consists of 5 steps: mesa etch, device isolation, SiO2 
passivation, via etch, and wire-up. A brief description of these steps are listed as below; detailed 
information can be found in Ref. [48]. 
Step 1: Mesa Etch: 
 In this step, a square trench will be etched down to tunnel barrier on the film, and this 
mesa eventually acts as the top electrode for the junction. After putting on the photoresist mask, 
wet chemical etching is used to remove the bare Au layer down to the AlOx layer. The recipe is a 
diluted version of KI and I2 etch, by mixing 1𝑔 𝐾𝐼 + 0.25𝑔 𝐼2 + 40𝑚𝑙 𝐻2𝑂 at room temperature 
for 10 min. The etch rate is approximately 2 nm/s. 
Step 2: Device Isolation: 
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 Once the mesa etch is completed, the old photoresist mask will be stripped away and 
replaced with a new mask. In this step, exposed area will be etched down to the substrate using a 
solution of Transene type D aluminum etch and H2O2 (25%), which is made at a ratio of 10:1 
and mixed for 10 min. This etching solution will cause some undercutting, so it will be preferred 
to be conducted with a real-time monitor and an immediate termination of the process when the 
etching is completed. The sample film after first two steps is shown in Fig. 3.7(b). 
Step 3: SiO2 Passivation 
 A layer of insulating SiO2 (30 nm) is deposited by either reactive sputtering or e-beam 
evaporation to cover the sample surface. This SiO2 layer will insulate the bottom electrodes from 
the later deposited top electrodes. 
Step 4: Via Etch 
 In this step, a via-hole for contacting the mesa will be opened. Photoresist mask will 
cover the whole sample surfaces except the future via-hole and contact pads. Reactive ion 
etching is used to remove SiO2 in the exposed areas. The end product is shown in Fig. 3.7(c). 
Step 5: Wire up 
 The last step is to lay an Au layer to connect the mesa with the contact pads, which is 
achieved via a lift-off of e-beam evaporation-deposited Au layer (60 nm). The optical image of 
one such junction is shown in Fig. 3.8. 
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Fig. 3.8: Optical image of a junction fabricated using the photolithography method. (b) is a 
zoom-in image of the same junction in (a). 
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3.3 Focused Ion Beam for PCS Junction Fabrication 
 
Focused ion beam (FIB) is a technique extensively used in the semiconductor industry 
and materials science, e.g., transmission electron microscopy (TEM) sample preparation, 
microstructure analysis, mask repair, circuit rewriting, device contact wire-up, and structure nano 
machining.  
A FIB setup resembles a scanning electron microscope (SEM). However, while the SEM 
uses a focused beam of electrons to image the sample, a FIB setup uses a focused beam of ions. 
The ionization source employed in the majority of commercial systems is the liquid metal ion 
source (LIMS), and an electric field is used to extract the ion flow and form a liquid metal core at 
the apex of the needle or the nozzle of a capillary. The core elongates into a jet at its apex, from 
which electrons are emitted [107]. There are many different LIMS types, such as Ga+, Kr+, In+, 
and Au+. Because of its decisive advantages of low melting temperature, low vapor pressure, and 
low vitality, Ga-based blunt needle source is most widely used. Source ions are accelerated to the 
energy of 1 – 30 keV and focused by electrostatic lenses. Secondary electrons are generated by 
the interaction between the ion beam and the sample surface [108], which can be used to achieve 
high spatial resolution down to a few nanometers.  
As shown in Fig. 3.9, the Ga+ primary ion beam hits the sample surface and sputters a 
small amount of material, which leaves the surface as either secondary ions (i+ or i-) or neutral 
atoms (n0). The primary beam also produces secondary electrons (e−). As the primary beam 
rasters across the sample surface, the signal from the sputtered ions or secondary electrons is 
collected to form an image. For some advanced FIB systems, highly insulating samples may still 
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be well imaged by incorporating a low energy electron flood gun for charge neutralization, even 
without a conducting surface coating, as would be required in a SEM. 
 
Fig. 3.9: Principle of Focused Ion Beam Imaging.  
Source: https://en.wikipedia.org/wiki/Focused_ion_beam 
 
Unlike SEM, FIB is inherently destructive to the specimen. When the high-energy Ga+ 
ions strike the sample, they sputter atoms from the surface. However, at low primary beam 
currents, very little material is sputtered. In contrast, at higher currents, a significant amount of 
material can be removed by sputtering at a rate proportional to the sputtering yield and the ion 
flux. In that case, the destructive ion beam can be utilized as a precise milling tool, which can 
handle patterning features down to nano scales. The outcome of a FIB-patterned shape is 
dependent on many factors, such as its geometry, milled depth (resulting in the change of the 
angle of incident ions), ion beam profile, and the redeposition of sputtered material [109]: the top 
edges of the cut will be rounded, and the side-walls will be inclined a few degrees from the 
perpendicular due to the combination of these factors. As milling depth increases, the possibility 
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of the redeposition also increase, and the feature will finally end up in a V-shaped cross section if 
the feature is milled 10 - 15 times deeper than its width [109].  
One of the largest remaining challenges of FIB is that gallium ions are implanted into the 
top few nanometers of the sample surface, which could have deleterious effects over the 
applicability to PCS junctions as will be discussed in Chapter 5.Imaging and milling with Ga+ 
ions always result in Ga incorporation near the sample surface, and steady-state profile of Ga is 
reached as Ga is implanted further into the sample [108]. A simplified model for the steady state 
[110] can obtained by ignoring trivial effects, such as Ga diffusion and preferential sputtering, 
and the Ga atom fraction at steady state is:  
𝑓𝐺𝑎 = 1/(𝛼𝛾),                                                              (3.3.1) 
where, 𝛼 is the fraction of implanted ions, and 𝛾 is the sputtering yield (so 𝛼𝛾 is the sputtering 
yield per implanted ions).  
Another functionality of FIB is FIB-assisted chemical vapor deposition, where gas is 
introduced into the vacuum chamber and allowed to chemisorb onto the sample in the presence 
of the ion beam; facilitating the deposition process.  
In our work, the Helios 600iTM Dual Beam FIB is used. It consists of a high-resolution 
SEM column with a fine probe ion source. It allows the preparation of samples from specific 
areas of a sample as well as nano-machining. The Helios 600i is equipped with an extremely 
high-resolution Elstar™ electron beam column with a field emission gun electron source whose 
beam resolution is less than 1 nm at 15 kV and less than 2.5 nm at 1 kV. The Ga+ ion source can 
image and machine down to 5 nm resolution levels.  
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With the advanced FIB technology, for the first time, fine control of size and geometry of 
the PCS junctions on a wide selection of materials becomes possible.  We also stress that since 
junctions are fabricated under high vacuum (10-4 Pa), contamination of the junction interfaces is 
minimized, and in our vertical junction design, the junctions will be capsuled to reduce impact 
further from the external environment.  Thus, we will be able to produce PCS junctions where 
the junction area is well-defined and controllable with substantially enhanced thermal stability 
and robustness to other applied fields such as magnetic and stress.  
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3.4 PCS Junction Design 
 
In our work, the FIB nanofabrication technique is used to achieve precise control of the 
geometry of point contact junctions. Two different types of PCS devices (vertical and in-plane) 
have been studied. The in-plane device type is still under investigation, the junction design and 
some preliminary results are presented in Appendix B. 
In this section, we will present the method to create PCS junctions using FIB lithography 
from the c-axis on both thin films and crystals. Reproducible PCS conductance spectra on Nb 
films have been achieved, which shows high-quality results that are very similar to those 
obtained by the traditional needle-anvil PCS method.  
The structure of the junctions is shown in Fig. 3.10 (a). In the first step, an insulating 
barrier layer of SiO2 (50 nm) is deposited onto the surface of the Nb film by PECVD, and gold 
strips as counter electrodes are deposited by sputtering via customized masks. 10 – 20 nm of the 
ALD Al2O3 are also used for the insulation layer.  
E-beam evaporation-deposited SiO2 has also been tested, and it does work on Nb thin 
film samples. However, not surprisingly, it fails to form a uniform coating on the crystal with 
rough surface unless a very thick SiO2 layer is deposited. Besides, it is preferable for the 
insulation layer to be as thin as possible for a shorter “tip.” If the via-hole is too deep, the 
possibility for inelastic scattering within the constriction will also increase, which could finally 
smear out the spectroscopic information.  
For single crystals, the sample preparation procedure is very similar. The only significant 
difference is that before depositing the counter electrodes, we need to do some “tricks” to avoid 
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shorts by painting a thick layer of Duco cement to cover the crystal edges and rougher surface 
areas. The sample looks very similar to that of the planar tunneling junction design described in 
section 3.2.1.  
FIB is used to drill holes through the Au layer and SiO2 insulating layer. PCS junctions 
are then achieved by FIB-assisted chemical vapor deposition of Pt to fill these holes. The FIB 
processing is done at pressures below 4×10-4 Pa, and there is no time delay between hole etching 
and Pt deposition.  Apart from a tiny fraction of Ga ions implanted into the sample, the interface 
between the sample and Pt “tip” should be free of other contaminants, which is a significant 
advantage over the traditional needle-anvil method. The geometry of the small holes has been 
studied by SEM and AFM, and Fig. 3.10 (b) is a SEM image of a series of holes drilled by FIB at 
30 keV and 1.1 pA, sizes ranging from 30 nm to 300 nm. The size of the holes matches the 
setting parameter within 5% for sizes smaller than 100 nm; for settings from 100 nm to 300 nm, 
the actual size is smaller and matched the setting within 10%.  
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Fig. 3.10 (a) Schematic diagram of the structure of the PCS junctions nano-fabricated on a Nb 
thin film: An insulating barrier layer of SiO2 is deposited on the surface of the Nb film by 
PECVD, and gold strip counter electrodes are deposited by sputtering.  PCS junctions are 
achieved by FIB-assisted chemical vapor depositing Pt to fill the holes drilled by FIB. (b) SEM 
image of a series of holes drilled by ion beam at 30 keV and 1.1 pA, sizes ranging from 30 nm to 
300 nm.  
 
 To develop the fabrication recipe, we have tested different ion beam voltage settings from 
5 keV to 30 keV. The 30 keV beam is the optimized beam for FIB operation and shows precise 
pixel control in milling but is also destructive to the specimen since ions with higher momenta 
are more easily implanted in the sample. The conductance signals obtained from these junctions 
fabricated with the 30 keV beam are suppressed in comparison with the conductance signals 
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obtained from junctions fabricated with the 5 keV ion beam. Therefore, it is always preferable to 
use a smaller beam voltage to open the via-holes. But we have to admit that it is very challenging 
to get a proper adjustment of the beam focus and stigmator below 5 keV since a good image of 
the sample surface is unavailable without destroying the sample surface. More details about ion 
beam implantation effect under different voltages will be covered in the experimental result 
section in Chapter 5. 
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3.5 Measurement 
 
In this chapter, we have talked about several different methods and techniques to 
fabricated planar tunnel junction and PCS junctions. These junctions are then connected to a 
measurement setup in standard 4-probe configurations and take data on 𝐼 − 𝑉 and 𝑑𝐼/𝑑𝑉 for 
characterization. The current I can be expanded using Taylor expansion: 
𝐼(𝑉0 + 𝛿𝑣𝑐𝑜𝑠(𝜔𝑡)) = 𝐼(𝑉0) +
𝑑𝐼
𝑑𝑉
|𝑉0𝛿𝑣𝑐𝑜𝑠(𝜔𝑡) +
𝑑2𝐼
2𝑑𝑉2
|𝑉0𝑖
2𝑐𝑜𝑠2(𝜔𝑡) 
= 𝐼(𝑉0) +
𝑑𝐼
𝑑𝑉
|𝑉0𝛿𝑣𝑐𝑜𝑠(𝜔𝑡) +
𝑑2𝐼
4𝑑𝑉2
|𝑉0𝑖
2[1 + 𝑐𝑜𝑠(2𝜔𝑡)]             Eqn. 3.5.1 
To the first order approximation, the AC measured at the frequency 𝜔  (first harmonic) is 
proportional to the first derivative of 𝑑𝐼/𝑑𝑉, and the signal at 2𝜔 (2nd harmonic) is proportional 
to 𝑑2𝐼/𝑑𝑉2. In our study, the junction 𝑑𝐼/𝑑𝑉 is measured using the build-in ac modulation with 
lock-in amplifiers by setting frequency 𝜔 = 633𝐻𝑧 and 𝛿𝑣~100𝜇𝑉. 
The core part of measurement set is a signal mixing box designed by Ryan Murphy (Fig. 
3.11) [111], a previous member of our group, and custom made. Operational amplifier One 
(OP_1) is responsible for providing the DC bias voltage from a current source. Resistors R8 and 
R9 consist a voltage divider for the AC input from a function generator, and attenuation factor of 
the voltage divider we used is 
𝑅9
𝑅8+𝑅9
= 0.0099. The attenuated AC input is then sent to OP_2, 
which act as a buffer with gain factor of 1. OP_3 mixes the AC input with the DC bias voltage, 
with the gain set to 1. Resistors R14 and R15 consist another set of voltage divider for the signal 
output, with an attenuation factor 0.0909, and the voltage across R15 is the voltage sent to the 
sample. The voltage across R16 is used to measure the current through the devices. 
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Fig. 3.11. Circuit Diagram of the mixing circuit. dcV is the input from the Keithley 224 
Programmable Current Source or other DC source. The leads from R16 are sent to a lock-in 
amplifier and digital multi-meter. The resistance values can be found in Ref. [111].  
 
It needs to note that the AC voltage might affect the resolution of the measurement if its 
magnitude is not small enough. The alternating AC signal can act as an activator of the 
quasiparticles in the superconductor, causing thermal population effects and broadening spectral 
signatures. Therefore, it is preferable for the AC signal to be small enough as not to cause 
thermal smearing, but it still has to be large enough to ensure a reasonable signal-noise ratio. 
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CHAPTER 4:  PLANAR TUNNEL JUNCTION DEVICES 
  
 
This chapter will cover the results of two experiments.  We will first discuss the study of 
ultra-thin and low-defect Al2O3 tunnel junction barriers grown by ALD on sputter-deposited Nb 
thin films. Then, we will present some test results on planar tunnel junction devices on FeSeTe 
thin films and crystals to study the superconducting gap order parameter symmetry using the 
proximity effect. 
 
4.1 Ultra-thin PTJs grown on Nb thin films by ALD 
 
 
The method of using atomic layer deposition (ALD) to grow of the ultrathin tunnel 
barrier was discovered while I was developing a recipe to form a conformal insulation buffer for 
FIB-machined PCS junction (see Chapter 5 for details) while PECVD was down. For test 
purpose, I fabricated a few Nb/Al2O3/Ag planar tunnel junctions with 20 cycles of Al2O3 
deposited by ALD, which turned out to display very sharp feature of the superconducting Nb 
density of states at low temperature. Later tests with 6-cycle and 8-cycle Al2O3 confirmed the 
feasibility of the ALD method to be used in tunnel barrier growth.  
The first idea is to apply the ALD Al2O3 on some single crystals, on which a uniform 
coating growth is usually very challenging. To develop the technique, the ALD Al2O3 tunnel 
layer was grown on Nb films of relatively rough surfaces. AFM studies showed that the film 
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surface is fairly smooth with a standard deviation of 1.297 nm in roughness (Fig. 4.1(a)). The 
resistivity of the film was 38.6 µΩ·cm2, measured using standard 4-probe method. Nb film 
resistivity was also measured as a function of temperature (Fig. 4.2), which showed that the film 
superconducting transition temperature was approximately 9 K and the film residual resistivity 
ratio (RRR) is 2.7.  
 
Fig. 4.1: AFM results of the sample surfaces. (a) Bare Nb film surface, the standard deviation of 
the surface smoothness is 1.297 nm; (b) Grain boundaries on bare Nb film surface; (c) Nb film 
coated with 6-cycle ALD Al2O3, and the standard deviation of the surface smoothness is 1.531 
nm; (d) Bare surface of sapphire substrate on which Nb film was sputtered.  
 
Over a hundred junctions have been made and measured using the method described in 
Section 3.2.1 with a remarkable yield of over 90%. Clean tunneling characteristics were 
observed for these junctions, and none of the junctions showed current leaky behavior, even for 
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junctions with 4-cycle ALD Al2O3 tunnel layer. Junctions were also fabricated without ALD 
Al2O3 as a reference to eliminate the possibility that a naturally oxidized Nb top layer would act 
as a tunnel barrier, but no tunneling behavior has been observed on these junctions. The room 
temperature junction R × A was calculated for junction with 4, 6, 8, 10 cycles of ALD Al2O3 and 
plotted in Fig. 4.3. It needs to note that a room-temperature growth has been shown to result with 
very severe grain boundaries within the film (Fig. 4.1 (b)). Considering the relatively thin Al2O3 
barrier on the order of a few angstroms, such grain boundaries tend to distort the uniformity of 
the ALD grown insulating Al2O3 barrier. We do find the sample surface became slight rougher 
after coated with the ALD Al2O3. Fig. 4.1(c) is an AFM image of the same Nb film in Fig. 4.1(a) 
but coated with 6 cycles of Al2O3, the sample surface standard deviation is about 1.531nm, 18% 
larger than the value of a bare Nb film. The film surface peak-to-peak roughness was about 8 nm, 
which is a significantly large value if compared with that of Al2O3 tunnel barrier (~1 nm). And 
on the same sample, junction R × A shows a negative linear correlation with junction area. Based 
on these facts, it is highly likely that the relatively rough Nb film surface causes local defects in 
the Al2O3 tunnel barrier. Even though ALD is a molecular layer by layer growth technique, for 
an extremely thin layer on a relatively rougher sample surface, it is highly likely that the Al2O3 
might not cover the surface uniformly and some “weak point” can exist on the Nb grain 
boundaries, which we assume as one of the primary reasons that expected exponential relation is 
observed in the R × A result.  
This issue has been addressed by using newly grown high-quality Nb films whose peak-
to-peak roughness is smaller than 1 nm. The revised experiment is based on the new junctions. 
With smoother Nb films, the junction R × A shows an exponential relationship with the barrier 
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thickness, as predicted by quantum tunneling theory, the results are published in Ref. [100]. 
Besides the information in Ref. [100], some additional analysis will be also presented here. 
 
Fig. 4.2: Nb film resistivity as a function of temperature, film Tc is ~9K and RRR is ~2.7. 
 
 
Fig. 4.3: Room temperature junction R × A was calculated for junction with 4, 6, 8, 10 cycles of 
ALD Al2O3. The error bars are mainly from statistical distribution of different junction of the 
same thickness Al2O3. No exponential relations can be extrapolated from the data sets. 
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As we have discused in section 3.2.1, the high quality Nb films (600 Å) used in this study 
are sputter deposited at 480 °C on sapphire substrates. Fig. 4.4 shows the topography as 
measured by atomic force microscopy (AFM). The roughness map of the junction is shown in 
Fig. 4.4(a). Figures 4.4(b)-(d) show the AFM image of a bare sapphire substrate, an as-grown Nb 
film (600 Å), and an ALD Al2O3 (6 cycles, ~6.6 Å) coated Nb film, respectively. These data, 
taken with the same cantilever and on the same day show a similar peak-to-peak roughness of 
less than 10 Å. 
 
Fig. 4.4 AFM results of the surface of Nb thin films. (a) Cross-sectional topographic roughness; 
(b) Image of a sapphire substrate; (c) Image of a Nb thin film; (d) Image of a Nb thin film coated 
with 6.6 Å of Al2O3. The peak-to-peak roughness of the substrate is less than 4 Å, and that of the 
Nb and the coated Nb is each less than 10 Å. Adapted from [100]. 
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Not only the surface smoothness but also the electronic properties of the Nb films are 
significantly improved. The resistivity of the Nb film (600 Å), as shown in Fig. 4.5, is around 
16.1 µΩ·cm at room-temperature and the superconducting transition temperature Tc is 
approximately 9.0 K, which are slightly off the values for single crystals. The RRR is ~35.  
 
Fig. 4.5: Nb film resistivity as a function of temperature with Tc ~9.0 K and RRR ~35. 
 
More than one hundred junctions have been made on these Nb films, and 90% of them 
show the density of states signature of superconducting Nb at low temperature (Fig. 4.6), 
including junctions with 4-cycle Al2O3 barrier. Junctions are also fabricated on an as-grown Nb 
film without Al2O3 as a reference and no tunneling behavior is observed. The junction R × A at 
room temperature for junctions with 4, 6, 8, and 10 cycles of Al2O3 are plotted in Fig. 4.7, 
showing an exponential dependence over a broad thickness range. 
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Fig. 4.6: Junction conductance normalized to that at 7 mV as a function of bias voltage for 
junctions of different tunnel barrier thicknesses (listed as number of ALD cycles) taken at 4.2 K 
are shown.  Each of the top three curves is shifted vertically from the one below by 0.5 for clarity. 
The zero bias conductance value as a percentage of the background conductance is listed for 
each junction. Adapted from [100]. 
 
Fig. 4.7: The junction R × A increases approximately exponentially with barrier thickness, 
indicating the uniformity of the tunnel barriers, and that the predominant transport across the 
junction is single-step elastic tunneling. Adapted from [100]. 
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The junctions are characterized at different temperatures and different magnetic fields, as 
shown in Fig. 4.8.  All these data are taken on the same junction with 6-cycle Al2O3, and all the 
junctions of different barrier thicknesses exhibit similar results. In Figs. 4.8 (a) and (b), the 
experimental data are fit using the BTK model. In Fig. 4.8(c) and (d), normalized conductance at 
different temperatures and magnetic fields are fit yielding a large Z (= 4) and small Γ/ Δ (< 1 %). 
In the BTK model, the barrier strength is defined by a dimensionless parameter 𝑍 =
𝑚𝐻
ℏ2𝑘𝐹
=
𝐻/ℏ𝑣𝐹. A high quality tunnel junction generally has a high Z value immuning to changes in 
external parameters. The Bardeen-Cooper-Schrieffer (BCS) gap equation, 
𝑁(0)𝑉0∫
𝑡𝑎𝑛ℎ𝛽√𝜖2 + ∆2
2√𝜖2 + ∆2
ℏ𝜔𝐷
ℏ𝜔𝐷
𝑑𝜖 = 1, 
                                     Eqn. 4.1.1 
is used to fit the extracted superconducting energy gaps at different temperature (Fig. 4.8(c)), 
showing the well-known weak coupling behavior, 𝑁(0)𝑉0 ≪ 1. In this limit, the gap at T = 0, ∆0, 
and the critical temperature for superconductor, 𝑇𝑐, can be approximated: 
∆0≈ 2ℏ𝜔𝐷 exp (−
1
𝑁(0)𝑉0
)                                       Eqn. 4.1.2(a) 
𝑘𝐵𝑇𝑐 ≈ 1.14ℏ𝜔𝐷 exp (−
1
𝑁(0)𝑉0
)                                 Eqn. 4.1.2(b) 
Therefore, the crucial ratio in BCS weak coupling theory can be written as: 
2∆0
𝑘𝐵𝑇𝑐
= 3.52                                                   Eqn. 4.1.3 
which also holds for our extrapolated gap values, double-checking the nature of the “weakly-
coupled” superconductors. 
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It is worthwhile to note that these junctions were found to be robust over time: No 
significant changes to the conductance characteristics were observed after junctions remained at 
room temperature in an N2 atmosphere for three weeks.  
A definitive test of uniformity of barrier thickness is shown in Fig. 4.7, where the 
junction R × A product vs. barrier thickness is plotted, showing an exponential dependence over 
a wide range of thickness. We do note that for the 4 and 6 cycle barriers show a slight increasing 
slope in comparison with the 8 and 10 cycle data. We attribute it to the existence of weak areas 
in the barrier or minor deformities in the initial coating cycles. As additional cycles of Al2O3 are 
added, this deformity gradually gets compensated and finally disappeared. 
 
Fig. 4.8 
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Fig. 4.8 (cont.) 
 
Fig. 4.8: Junction characterization using the BTK model on a junction with 6- cycle Al2O3 as a 
function of temperature and magnetic field applied perpendicular to the junction area. 
Normalized conductance data (lines) at different temperatures (a) and applied fields (b) and their 
BTK theory fit (points).  Curves are shifted vertically for clarity. The corresponding BTK fitting 
parameters (Δ, Γ, and Z) as a function of temperature and field are plotted in (c) and (d), 
respectively. A large and constant value of Z = 4 is found. Because Γ is related to the 
quasiparticle lifetime broadening, it increases with the temperature and magnetic field, as 
expected. The BCS theory fit to the extracted energy gaps at different temperatures is shown as 
the solid red line in (c). The error bars in (c) and (d) are from BTK fit. Adapted from [100] with 
updates. 
 
For 8 and 10 cycle barriers, over 95% of the junctions show conductance characteristics 
similar to the curves in Fig. 4.9. The background conductance of junctions is fit to the Brinkman-
Dynes-Rowell (BDR) model [112] to determine the barrier shape.  BDR model is widely used to 
study planar tunnel junction background conductance by modeling the barrier as a trapezoidal 
potential. The BDR model predicts a parabolic shape for the background conductance when the 
barrier thickness is greater than 10 Å and 
∆𝜑
?̅?
< 1, 
𝐺(𝑉)
𝐺(0)
= 1 − (
𝐴0∆𝜑
16?̅?
3
2
)𝑒𝑉 + (
9
128
𝐴0
2
?̅?
) (𝑒𝑉)2, 
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Eqn. 4.1.4 
where ∆𝜑(= 𝜑2 − 𝜑1) is the difference between the two sides of the barrier potential, 𝐴0 =
4(2𝑚)0.5𝑑/3ℏ, 𝑑 is barrier thickness and ?̅? is the average barrier height.  
Due to their small resistances (< 10 Ω), junctions with 4 and 6 cycles of Al2O3 could not 
be biased to voltages large enough to properly measure the background conductance in our 
current lab measurement setups. For the 8 and 10 cycle data, we find our ultra-thin barriers do 
not exhibit the standard trapezoidal shape in thickness vs. potential, typically observed in good 
quality planar tunnel junctions [113]. This is evidenced by our fit to the BDR model, where the 
background conductance is fit to a parabola and the fitting parameters reveal the median height 
and asymmetry in the potential barrier shape.  Fig. 4.9 presents the background conductance for 
junction barriers grown with 8 and 10 cycles of Al2O3. For these ultra-thin tunnel junctions, the 
fits in the low-bias range up to 100 mV (Figs. 4.1.9(b) & (c)) look good but with a barrier height 
of 10-20 mV for 10-cycle Al2O3 tunnel junctions and ~3 mV for 8-cycle, which are 
unrealistically small for the barrier height considering that the junctions exhibit high-quality 
tunneling features for superconducting Nb.  A typical AlOx-based planar tunnel junction has a 
barrier height ranging from 0.7 – 1 eV for barriers formed by thermal oxidation and 1 – 3 eV for 
those formed by plasma oxidation [114]. If we treat the barrier thickness as a free parameter, it 
needs to be over 10 nm to give reasonable barrier height estimation, which is far beyond the error 
tolerance of the profilometry measurement.  
We also stress that a BDR fit only at small bias would not be a true measure of barrier 
shape, as this model is devised for the analysis of the background conductance. Hence, data were 
taken over a broad bias range. However, our attempts to fit over wider biases, shown in Fig. 4.9 
(d), give even smaller values for the barrier height. Technically, this is due to the unusually rapid 
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increase in the conductance with the bias voltage. barriers. In addition, for junctions of 8 and 10 
cycle barriers, their zero-bias conductance changes dramatically as the temperature decreases 
(Fig.4.1.9(a)), which strongly indicates some non-negligible changes inside the junctions might 
have occurred. One possible explanation of this untraditional behavior is that the barrier is 
actually in a sharp shape and decreases in thickness as the potential increases.  
 
 
 
Fig. 4.9: Background conductance for junctions grown with 10 and 8 cycles of Al2O3. (a) The 
zero-bias conductance normalized to that at room temperature shows an unusually large decrease: 
40 and 20 times for the 10 and 8 cycle thickness barriers, respectively, when the temperature is 
lowered from room to 4.2 K. (b) and (c) Background conductance for 10-cycle and 8-cycle 
Al2O3 tunnel junction at lower bias could be fit to the BDR model, but extracted barrier shapes 
are not consistent with our data. (d) Background conductance up to ±350 mV and best fit to the 
BDR model. Adapted from [100]. 
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As the BDR model no longer holds for these ultra-thin tunnel junctions, we simulate the 
junction conductance at the room temperature using the basic tunneling theory (Eqn. 1.2.1), 
giving an estimated tunnel barrier height of about 0.6 eV for the ALD Al2O3, which is very close 
to barrier height vlues in the previous reported experiments, but still smaller than the typical 
value measured from thicker tunnel barriers. 
Generally speaking, the ultrathin tunnel junctions showed very different behavior when 
compared with the traditional thicker junctions. A previous ballistic electron emission 
microscopy study thin Al2O3 tunnel barrier [115] indicated a broad energy distribution of 
electronic states in the oxide, which can provide low-energy single-electron channels through the 
barrier until the barrier is thick enough. And this model can be used to explain our data very well. 
In this study, ALD is used to prepare ultra-thin Al2O3 tunnel barriers for large-scale 
junctions of sizes on the order of 100×100 µm2 and thickness of as thin as 4.4 Å. Remarkably, a 
clear signature of superconducting Nb at low temperature and over 90 % reproducibility 
indicated the high quality of the junctions. Despite the background conductance which indicates 
the difference between the ultrathin tunnel junctions from those with thicker barriers, the 
junction resistance × area (R × A) product increases exponentially with barrier thickness, further 
supporting the high quality of the junction, in which single-step elastic tunneling predominates.  
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4.2 PTJs on FeTeSe 
4.2.1 FeTeSe (thin film)/Nb/Al2O3/Ag Devices (Duco Cement Method) 
 
The first type of planar tunnel junction devices tested in this study is the FeTeSe (thin 
film)/Nb/Al2O3 (plasma oxidized)/Ag junctions in order to investigate the proximity finger 
experiment described in Section 2.1.3. The FeTeSe thin films are grown on LAO substrate using 
MBE by Can Zhang. The FeTe’s lattice parameters are a = b = 3.82 Å and c = 6.3 Å, while LAO 
(a = b = c = 3.78 Å) offers good in-plane lattice matching within 1%.  
The junctions are fabricated using the Duco cement method, and the tunnel barrier is 
formed by plasma oxidization of sputtered Al thin layer. Here the Al2O3 tunnel barrier is not 
deposited by ALD because most of the studies were conducted from 2013 to 2014 before we 
investigated the ALD technique in late 2015. Nb is used here for the s-wave superconductor, 
because its Tc is higher than the liquid helium temperature (~4.2 K), as that will keep the 
cryogenic requirements to a minimum.  
Fig. 4.10 is an optical image of two such junctions. The parallelogram structures are due 
to the underlying LAO substrate twin boundaries, which is made clear via an advanced DIC 
module in the microscope. At room temperature, the junction resistance is on the order of 1000 
Ω.  
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Fig. 4.10: Optical image of the two tunnel junctions on FeTeSe thin films. The image is taken via 
a DIC module, and the color is not real. The parallelogram structures are due to the underlying 
LAO substrate twin boundaries after annealing at 100 ºC in the O2 environment (1 L/min) before 
FeTeSe film growth. Annealing will help make the LAO substrate surface flatter. 
 
As temperature decreases, the junction resistance undergoes a gradual decrease, as 
expected. The junction Tc is around 7.2 K (Fig. 4.11(a)), which coincides with the 
superconducting transition Tc of the thin Nb films. However, below the transition temperature, 
only signature of superconducting Nb DOS has been observed (Fig. 4.11(b)). As mentioned in 
Section 2.1.3, to detect the S±-wave symmetry fingerprint from OP-coupling, a clean interface 
between the two superconductors is required. Therefore, we do a brief ion beam cleaning for 
each of the thin films to remove organic residues and metallic defects (such as surface oxides) 
before sputter-deposition of the Nb s-wave superconducting layer. Our test shows that ion beam 
cleaning would not kill the superconductivity in the FeTeSe film. However, the surface state of 
the film still could be messed up to some extent. Exposure to ion beams might result in the 
amorphization effect [110]: because of the highly directional nature of the atomic bonds in 
FeTeSe, the atomic rearrangements necessary to heal the disorder created by the ion beam are 
hindered. Since tunneling is a surface sensitive measurement, we assume the surface 
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amorphization effect is one of the key factors resulting in the irregular-shaped background 
conductance observed in some these junctions (Fig. 4.12). Also, we have only measured our 
devices at 4He temperature. In Atkinson’s study on Fe-122 [106], the crystals were also 
processed by Ar+ ion cleaning, but some signatures likely associated with the S± OP were 
observed in the mK range. Without the measurement at sufficiently low temperature, we cannot 
rule out the possibility that the thermal population effect might also be a contributing factor 
which smears the fingerprint signature. Therefore, in the future investigation, we will re-examine 
these junctions down to 3He temperature and see whether the S±-fingerprint could be detected.  
 
Fig. 4.11: Conductance characteristics of a FeTeSe/Nb/Al2O3/Ag junction. The FeTeSe thin film 
is grown by MBE and its thickness is about 20 nm. Before depositing Nb layer, the FeTeSe thin 
film is cleaned by Ar+ ion beams. The Nb film is 25 nm in thickness, 7 nm of Al is grown in situ 
and plasma oxidized. Ag counter electrodes are 250 nm in thickness. (a) Junction zero-bias 
conductance as the temperature decreases, showing Tc at 7.2 K. (b) Normalized G(V) at 4.2 K. 
Compared with good quality junctions, the G(V) is noisy, and only the signature of the 
superconducting Nb DOS is observed.  
 
Figure 4.12 presents the conductance characteristics of another two junctions. For both 
junctions, the Nb superconducting signature (either tunneling for (a)(b) or point contact for (c)(d)) 
comes with an irregular-shaped background conductance. Since Nb is a well understood 
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conventional superconductor, the only source of the background conductance has to be from the 
underlying FeTeSe film or its distorted surface states as a result of the ion beam cleaning.  
 
Fig. 4.12: Irregular-shaped background conductance observed on PTJs grown on FeTeSe thin 
films. The junction structures are FeTeSe/Nb/AlOx/Ag (a)(b) The conductance of a junction 
showing tunnel like behavior. The junction G(V) as a function of temperature is given in (b) up 
to 31.63 K. (c)(d) Conductance of the junction showing point like behavior, and signature of 
superconducting Nb zero-bias double peak feature can be observed in (d). 
 
In one of our recent experiment, we tried to use FIB to fabricate PCS junction on both 
FeTeSe thin films and FeTeSe crystals. We found that the FeTeSe thin films are much more 
vulnerable to the Ga+ ion beam radiation compared with crystals, and a small dose of the 
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exposure will kill the superconductivity. Most likely it is because the films are much thinner and 
in turn magnify the influence of the Ga ion impurities. Compared with Ga+ ions, the Ar+ ions 
used in ion beam cleaning here are less poisonous, which explains why the superconductivity 
still survives in the tunnel junction devices. 
 
4.2.2 FeTeSe (thin film)/Al2O3/Ag Devices (Duco Cement Method) 
 
Fig. 4.13: Conductance characteristics of a FeTeSe thin film planar tunnel junction. The junction 
structure is FeTeSe/AlOx/Ag.  
 
Fig. 4.13 is the conductance at 4.2 K for a single planar tunnel junction on FeTeSe film. 
We fabricate this kind of devices to check the feasibility to detect the double superconducting 
gaps via planar tunnel spectroscopy since no such results have been reported previously. Instead 
of double gap tunneling signature, only the feature of a single gap at ±3.7 meV is observed. 
There are also hump-like features at ~ ±7.5 meV, but clear evidence is lacking to associate these 
humps with the other energy gap. If we compared this junction with the PTJs in section 4.1, there 
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is no doubt that this junction is of low quality since its zero-bias conductance value as a 
percentage of the background conductance is pretty small. However, the location of the energy 
gap matches that of our later PCS study on FeTeSe crystals (Section 5.2) and the STM 
measurement [116], which we will discuss in the next chapter.  
 
4.2.3 FeTeSe (crystal)/Au-Al2O3/Ag Devices (Micro Bead Method) 
 
In Fig. 4.14 (a)(b), we present the conductance measurement on a FeTeSe (crystal)/Al-
AlOx/Au junction fabricated using the microbead method. The superconducting transition of the 
FeTeSe is clearly shown in (a). At first glance, it might not be surprising that no interesting 
features are observed in the conductance data sets since the temperature is still far above the Al 
Tc. However, Zheng had a similar measurement on the FeTe:Ox/Al-AlOx/Au junction fabricated 
using photolithography method (Fig. 4.14(c)) [48], which showed the opening of an energy gap 
at around ± 3 mV below FeTe:Ox Tc likely due to the proximity effect. Zheng points out that the 
signs of the energy gap indicate a weak superconductivity in the normal state Al.  
We’d like note that both Zheng’s measurement on FeTe:Ox and mine on FeTeSe are only 
measured at He-4 measurement (~ 4.2 K) since He-3 module is not available during that time. Al 
metal has superconducting Tc of 1.175 K, however, the Tc of Al thin film samples shows 
different behavior: both structure depended and thickness depended. The Tc of the films 
increases dramatically as the film thickness decreases [117]. In the FeTeSe type devices, the Al 
layers are much thicker, typically 50 nm to 70 nm, which is much larger than that in the FeTe:Ox 
type devices, meaning a possibly lower Tc of the Al superconducting layer in FeTeSe type device. 
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Therefore, the proximity coupling induced by the Fe-based superconductor might not be strong 
enough to bring the gap-like signatures in Al up above He-4 temperature. The possibility of an 
increased Tc of Al layer in the FeTe:Ox type also invokes a new question: is the gap-like feature 
observed a real manifestation of the proximity effect corresponding the superconducting OP in 
the Fe-based superconductor, or simply a detect of the energy gap in Al? At this moment there is 
no transport measurement of the MBE grown Al thin films with similar parameters, and further 
investigation is still needed in our collaboration. 
 
 
Fig. 4.14: (a)(b) Conductance characteristics of the FeTeSe (crystal)/Al/AlOx/Au fabricated from 
the microbead method. (c) The conductance of the FeTe:Ox/Al/AlOx/Au between 4.3 K and 50 K, 
adapted from [48]. 
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4.2.4 FeTeSe (thin film)/Al-Al2O3/Au & FeTe:Ox (thin film)/Al-Al2O3/Au Devices (Photo 
Lithography Method) 
 
 To avoid the impurities introduced by Ar+ ion implantation and other contamination, the 
devices fabricated from “sandwiched” films with all junction layers grown in situ is one of few 
possible solutions. The junction configuration can be found in Section 3.2.3. 
Due to the limited number of the “sandwich” samples, only a few junctions have been 
made on FeTeSe using the photolithography method and all of them show leaky junction barrier. 
The optical images of the junction areas are shown in Fig. 3.8. The junctions are measured at He-
3 temperature in a PPMS system. However, zero-bias conductance peaks are observed for all the 
surviving junctions, which is a clear sign of pin holes in the thermally oxidized AlOx tunnel 
barrier. Collaborating with Mao Zheng, I also studied some FeTe:Ox/AlOx/Au junctions 
previously, which showed gap-like behavior (Fig. 4.15(a)). And the locations of the features 
indicated by the arrows follows the BCS-theory prediction, a detailed analysis of the data can be 
found in Zheng’s Ph.D. dissertation [48]. There is no doubt that conductance of junction is point-
contact-like, but it is interesting if compared with a PCS junction on Fe-chalcogenide crystal [10]. 
The two sets of data agree in the magnitude of the enhanced conductance peak, as well as the 
energy of the peak splitting. However, a significant difference exists since the conductance 
enhancement survives above Tc in crystal samples. There are also other PCS measurements on 
Fe-chalcogenides thin films [118], but so far none of them were able to detect the conductance 
enhancement above Tc.  
This difference between thin films and crystals while using the same technique brings up 
an interesting question: why the nematic susceptibility in the normal state is suppressed in thin 
films? We will discuss more about the PCS experiments in the next Chapter. 
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Fig. 4.15: Comparison of the junction conductance between (a) PCS-like tunneling data on 
FeTe:Ox/Al/AlOx/Au Junction (adapted from [48]) and (b) PCS junction on Fe1.13Te, adapted 
from [10]. 
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CHAPTER 5:  PCS JUNCTION FABRICATED BY FIB 
 
 
This chapter will cover the results of two experiments.  We will first discuss the 
development of the new method to fabrication PCS junctions using FIB lithography from the c-
axis on Nb thin films. The application of vertical junctions on niobium thin films shows 
consistent data insensitive to thermal cycling, which opens the possibility to perform PCS on 
materials while varying external variables, such as temperature, directional-dependent magnetic 
field, and stress. In the second section, I will present the application of this new method of FIB-
fabricated PCS junctions to probe the strongly correlated election system FeTe0.55Se0.45, whose 
normal state spectra show a conductance enhancement around zero bias. 
 
 
5.1 Vertical PCS Junction on Nb thin films 
  
The investigation of PCS junction nanofabrication from c-axis on both thin films and 
crystals are very successful, and consistent experimental results have been achieved on Nb thin 
films.  
In the first place, I’d like to admit that there are still several technical issues not 
completely addressed, such as reduced precision due to beam smearing at lower acceleration 
voltage and ion implantation. However, based on our current recipe, about 10% of junctions 
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show high-quality superconducting Nb signatures at low temperature (Fig. 5.1). And the 10% 
yield is not a small number for both FIB-patterned prototype devices and PCS junctions. Even 
for the well-established traditional PCS techniques (hard PCS and soft PCS), multiple trials are 
also needed to achieve a good contact, and there is also no guarantee of the quality of the 
junctions. 
The junction presented in Fig. 5.1 is fabricated using 30 keV, 1.1 pA ion beam. And SEM 
analysis reveals the shape of the contact to be round with a diameter of 50 ± 2 nm. The double-
peak feature near zero-bias corresponds to the superconducting gap of the Nb and is fit well with 
the BTK model. 
 
Fig. 5.1: Typical junction conductance characteristics at low temperature. The junction is 
fabricated using 30 keV 1.1 pA ion beam, and its shape is round with a diameter of 50 ± 2 nm. 
BTK-fit shows gap value of Δ = 1.5 meV, barrier strength of Z = 0.68, and a quasiparticle 
lifetime smearing factor of Γ = 0.15 meV.  
 
For PCS, the long-standing question is always about the actual size of the junction. Even 
clear evidence of physical properties (e.g. superconducting gaps, phonon modes, condo lattice 
and so forth), have been detected, it is still impossible to answer this question because none of 
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the traditional approaches allow a direct control of the junction size. The only method to get an 
idea of the junction size is the phenomenological Wexler formula (Eqn. 5.1.1). However, a direct 
examination of the Wexler relations was missing for many decades.  
Fig. 5.2 shows the junction resistance at room temperature with different junction sizes, 
which are fabricated on the same sample at the same time. Even though the junctions have some 
Ga+ ion implantation, the shape of the conductance-junction size dependence curve is generally 
following the Wexler formula: 
RPC(T) =
16ρl
3πd2
+ β
ρ(T)
d
= RSharvin + β ∗ RMaxwell                        (5.1.1) 
The Wexler formula has two terms, corresponding to the Sharvin (ballistic) and Maxwell 
(thermal) resistance, respectively. In Fig. 5.2(a), we first use either the Sharvin term or the 
Maxwell term alone to fit the experimental data, but neither of them could fit all the data points. 
High-quality superconducting features are observed for the two smallest junctions (40 nm and 60 
nm in diameter) on this sample. High-quality superconducting Nb signature is observed in 
junctions less than 70 nm in diameter with similar configurations. Some junctions between 70 
and 110 nm also show weak double-peak feature (Fig. 5.3), but the yield in this region is much 
smaller than 10 %, and most of the junctions show single conductance peak at zero-bias. Based 
on this experience, we divide the conductance map into three regions, as shown in Fig. 5.2. We 
need to mention that the case with no ion implantation or a different dose of implanted ions 
would be different from the diagram. Because the electron elastic mean free path have been 
reduced to some extent (i.e., the ρl term in Eqn. 5.1.1 has been changed), the diffusive region has 
been shifted to the left (smaller junction sizes) if compared with the junctions free of implanted 
ions.  
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Fig. 5.2: Room temperature FIB-fabricated junction resistance as a function of junction size. All 
the junctions are fabricated on the same Nb thin film. (a) A fit using either the ballistic term or 
the thermal term cannot match the all experiment data points well. The boundary for the 
diffusive regime is only for illustration purpose; it is based on our experiences specific to the 
experiment. (b) The whole Wexler formula that takes both the Sharvin and Maxwell regimes into 
account is needed to fit the data points. 
 
There are two things we’d like to note about the experiments. In the first place, BTK 
model has been used to fit the diffusive region junction shown in Fig. 5.3, giving a gap value Δ = 
0.97 meV, which is significantly smaller than the theoretical gap size of Nb. There are reports 
using the traditional methods to study the PCS junctions from the ballistic regimes to the 
diffusive regimes, giving a relatively constant value in Δ, a decrease in Γ, and an increase in Z  
[119]. However, these trends have not been observed in our junctions. The possible causes are 
not difficult to be found: even though the junctions are fabricated using the same FIB milling 
setting, each of the junctions is a different contact, unlike the work in Ref  [119]. The only thing 
we can well control at this moment is the size of the junction while the actual milling depth and 
the portion of ion implantation still need further investigation. The achievement in the precisely 
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configured junction sizes provides the possibility to test the Wexler formula (Fig. 5.2), since all 
the data are taken at room temperature, meaning that we do not need to consider the ion 
implantation effect on superconductivity. On the other hand, there comes another issue, which is 
also the second thing we’d like to address. As we see in Fig. 5.2 (a), the fitted curves of the 
Sharvin term and the Maxwell term began to deviate when the junction is smaller than 60 nm, 
but the deviation is not very significant. The reason is very straightforward: due to the low yields, 
by far it is still very difficult to fabricate enough good junctions on the same sample at the same 
time. Therefore we do not have statistically enough data points in the ballistic regime to give a 
more precise fit.  
 
Fig. 5.3: Junction (diffusive regime) normalized conductance characteristics at 4.2 K. The 
junction was FIB-ed at 30 keV 1.1 pA, and its shape is round with a diameter of about 75 nm. 
Unlike the junction in Fig. 5.2, the conductance near the zero bias only shows a very slight 
splitting of superconducting gap, indicating the junction is in the diffusive regime. A BTK fit is 
given as the black curve, with parameters: gap value of Δ = 0.97 meV, barrier strength of Z = 
0.42, and a quasiparticle lifetime smearing factor of Γ = 0.25 meV. 
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Apart from the reduced the electron elastic mean free path, the deleterious effect of Ga 
ions on the superconducting materials reflects on the temperature-dependence conductance 
measurement in a more direct way. Fig. 5.4 gives the conductance characteristics of a junction 
fabricated using 30 keV, 1.1 pA focused ion beam. SEM analysis reveals the shape of the contact 
to be round with a diameter of 50 ± 2  nm. Even though high-quality signature of 
superconducting of Nb is observed at low temperatures (Fig. 5.4(b)), the zero-bias conductance 
enhancement survives above Tc up to 28 K. Figure 5.4(c) shows the zero-bias conductance as a 
function of temperature, the Tc of the junction is at 9.0 K, which matches the Tc of the Nb films. 
As the temperature continues to decrease, we see a downturn below 7.5 K, corresponding to the 
opening of the superconducting gap. The junction is very stable during temperature dependence 
measurements, and we find it immune to thermal cycling. Therefore, the non-BTK bump near 
zero-bias above Tc cannot be treated as some trivial issues resulting from thermal effects or 
unstable junction, and there is substantial evidence that these features are related with some 
artifact introduced by the implanted ions since this anomaly has not been observed for junctions 
fabricated with lower ion beam voltage. We assert the anomaly are due to certain kind of Nb-Ga 
alloy [120], whose superconducting Tc matches the onset temperature of the anomaly.  
In the study, we utilize the Ga ion FIB for the junction nano machining, without changing 
the milling source, the only solution to reduce the ion implantation effect is to decrease the ion 
beam voltage. For junctions fabricated with 5 keV ion beam, we do not find any of them show 
the zero-bias conductance anomaly, indicating the effects of the Ga ion implantation was 
significantly reduced. However, there is also compensation: the beam adjustment (focus, stigma, 
alignment) becomes much challenging at such low voltage (and small current), and the milling 
precision is also significantly reduced. The actual size of the junction depends on both the setting 
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parameter and the condition of the focused ion beam. But, with a well-focused ion beam, the size 
of the junction seldom deviates from the setting by 20%.  
  
Fig. 5.4: Conductance characteristics of a junction on Nb film showing the zero bias conductance 
anomaly introduced by implanted ions. The junction is fabricated using an ion beam at 30 keV, 
1.1 pA, and the junction size is 50 ± 2 nm in diameter. (a) Junction conductance as a function of 
temperature, each of them is shifted by 0.0025 S from below; a zero-bias conductance anomaly 
was observed up to 28.87 K. (b) Temperature dependence of conductance at low temperatures 
and the zero-bias conductance anomaly was observed clearly observed at 9.53 K above Tc (9.0 
K). (c) The zero-bias temperature-dependent conductance of the junction. 
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 Another advantage of the FIB from the high-precision junction size control is that it could 
also be used for the investigation of the influence of the junction geometry on its conductance 
characteristics. Fig. 5.5 shows the conductance of a junction with inner structures inside the 
constrictions (Fig. 5.5(b)). Similar to measurements obtained by the hard PCS method, the non-
BTK-like dips near the conductance enhancement are detected in the junction. As the 
temperature increases from low temperature, the dips move inward and finally disappear at Tc. 
Many previous theories are trying to give a physical explanation of this commonly-detected 
phenomenon [121][122][123][124][125]. But without knowing the actual geometry of the 
junctions, none of these assumptions have a solid experimental foundation.  
 
Fig. 5.5: Conductance characteristics of a junction on Nb film showing the influence of junction 
geometry. (a) Junction conductance characteristics as a function a temperature, the non-BTK-like 
dips near the conductance enhancement are detected. (b) The geometry of the junction, the holes 
has nanostructure inside. 
 
The first thing we’d like to note is that the diameter of the junction is close to 100 nm, i.e. 
the diffusive regime, which explains the reason why the magnitude of the zero-bias conductance 
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enhancement of the junction is much smaller compared with that in Fig. 5.1 while the spectrum 
information is still well preserved. There is no evidence that junction in the diffusive regime will 
inevitably show the non-BTK dips near the conductance enhancement (see Fig. 5.3), so thermal 
effect caused by multi-scattering effect inside the junction alone cannot be the sufficient 
condition for the dips to occur. Other contributing factors, such as the scattering from the 
irregularly shaped constriction wall, have to been taken into consideration for a more rigorous 
explanation.  
 
Fig. 5.6: Conductance of a tunnel junction fabricated on Nb film measured at 4.2 K. The junction 
is a Nb/Al2O3/Pt tunnel junction, achieved by using the FIB to remove the Al2O3 insulation layer 
partially.  The original thickness of the Al2O3 insulation layer is 10 nm, and it is deposited by 
ALD. 
 
At the end of this section, we’d like to talk a little about the FIB milling parameter setting 
of the depth, z.  Because there is no well configured SiO2 and Al2O3 etching profiles at the 
moment when we did the experiment, we used the Si profile as a reference, so the etching depth 
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is not accurate. We find that is a little bit over-milling of the Nb sample is preferable, and it will 
remove the impurities on the Nb film surface. However, too much over-etching might kill the 
junction instead, either because too many ions have been implanted, or because it mixes the Nb, 
Ga, and even Si/Al and O particle, and re-deposits them inside the via-hole. In contrast, if we set 
a small z-value and use a gentle milling profile (such as the Fe2O3), it turned out that FIB can be 
used to make high-quality tunnel junction as well (Fig. 5.6). Even though e-beam lithography is 
actively used to make tunnel junctions on small samples, the FIB methods show a very 
promising prospect, since it is more time efficient and “dry fabrication” without using chemicals.  
In summary, Nanofabrication of PCS junctions by the focused ion beam, for the first time, 
combines the advantages of both soft PCS and hard PCS: high thermal stability with fine control 
of junction resistance by control of the junction size. And it provides us a unique solution to 
study the influence of the junction dimensions and geometry on the conductance characteristics 
of the PCS junctions.  
111 
 
5.2 Vertical PCS Junction on FeTe0.55Se0.45 Crystals 
 
Based on the method developed on the Nb films, we first test its application on Nb single 
crystals, which gives very similar results as the Nb films, confirming the feasibility to transform 
the technique to crystals. After that we apply the vertical PCS junction fabrication recipe on 
FeTe0.55Se0.45 crystals. In our preliminary results, a zero-bias conductance enhancement peak in 
the normal state is detected. 
The single crystals are grown by our collaborators at Genda Gu’s group at Brookhaven 
National Lab. The crystals have a good cleavage planes (001) and are grown using a 
unidirectional solidification method with a nominal composition of FeTe0.55Se0.45.  
Fig. 5.7 shows the junction conductance characteristics as a function of temperature from 
4.2 K to 112 K. A zero-bias conductance enhancement is observed above the superconducting 
transition temperature (15.5 K, Fig. 5.8) and survives to above 56 K. A zoomed-in view is given 
in Fig. 5.9. The first thing that we’d like to note about this specific junction is that it is not in the 
ballistic regime. The patterning setting is a circle of 70 nm in diameter, fulfilled by 5 keV, 4.4 
pA ion beam. Because the patterning precision is reduced at small ion beam voltage, the actual 
junction size could be even larger. Meanwhile, the junction zero-bias conductance general 
follows the shape of the bulk FeTeSe crystal resistance, and the junction conductance below Tc 
only shows a single conductance peak near the zero-bias with two small hump-like features at ~ 
± 3 meV and ~ ± 9 meV, as indicated by the blue arrows. The place of the humps matches the 
superconducting gap reported by the other experiment [118]. Based on these facts, we conclude 
that the junction is in the diffusive regime in which some spectroscopic information is still 
conserved even though the conductance spectra is smeared a lot due to thermal population effects. 
112 
 
In Fig. 5.8, the zero-bias conductance shows a sign of upturn at about 75 K, also 
coinciding with the zero-bias conductance enhancement. Considering the relatively small ion 
beam voltage used in the fabrication process, this enhancement is very unlikely due to the result 
of implanted Ga ions. This finding is very similar to the soft PCS conductance measurement 
reported by Arham et al. [10] on Fe1.13Te crystals (Fig. 5.10), in which, a conductance 
enhancement was seen above Tc (6.8 K) up to 75 K. Therefore, there is strong indication that the 
conductance enhancement is associated with the nematic order in the normal states. 
 
Fig. 5.7: PCS junction characteristics on FeTeSe crystal. A zero bias conductance enhancement 
survives above Tc up to 56 K. 
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Fig. 5.8: Comparison between the FeTeSe PCS junction zero-bias conductance and the bulk 
crystal conductance as a function of the temperature. The curve the of the junction zero-bias 
conductance (black) general follows that of the bulk crystal resistivity (red), indicating the 
junction is not in the ballistic regime. The blue arrow points to an upturn of the zero-bias 
conductance, matching the zero-bias conductance enhancement observed in Fig. 5.7. 
 
Fig. 5.9: FeTeSe PCS junction conductance characteristic behavior above superconducting 
transition. 
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Fig. 5.10 PCS Conductance spectra for Fe1.13Te show an enhancement that lasts above TS. 
 
Similar to the Nb junction in the diffusive regime, the non-BTK dips near ZBCP are also 
observed here below Tc, confirming that the junction is actually in the diffusive regime. And this 
thermal smearing effect explains the 20-K difference between the temperature at which the 
ZBCP disappears and the upturn of zero-bias conductance since the magnitude of the zero-bias 
conductance enhancement at 56 K is already very small.  
 At the end of the previous chapter, we mentioned that the nematic states above Tc had so 
far not been detected by PCS on thin film samples. BME is a well-controlled layer-by-layer 
epitaxy material growth technique. However, even though the contact size is in the nanometer 
scale, PCS is a bulk property probe whose characteristic volume is decided by the electron 
relaxation mean free path, which is much larger than the thickness of the thin films. 
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CHAPTER 6:  CONCLUSIONS AND OUTLOOKS 
 
 
 
In the previous chapters, we present the work on developing two new approaches for 
spectroscopic study: the growth of the ultrathin tunnel barrier for planar tunnel junctions and the 
nanofabrication of the point contact junctions with precise control of the junction size and 
geometry via the FIB technique. 
Even though the conductance characteristics look quite different extrinsically between 
tunneling and point contact spectroscopy, they are closely connected with each other intrinsically. 
In the BTK framework, the tunneling behavior and point contact behavior are affined together by 
a dimensionless parameter 𝑍 =
𝑚𝐻
ℏ2𝑘𝐹
= 𝐻/ℏ𝑣𝐹. As shown in Fig. 1.10(b), the junction conductance 
undergoes a continuous evolution from point contact to tunneling as the Z value increases.  
In our work, we try to illustrate the connection between the two techniques from two 
directions: (i) making the tunnel barrier thinner and (ii) making the point contact junction bigger. 
The first direction is much more straightforward since the parameter Z could easily be controlled 
by the thickness of the tunnel barrier. The planar tunnel junction R × A product increases 
exponentially with barrier thickness. If it is possible for us to continue making the barrier thinner, 
the I-V characteristics of the junction will finally end up with the form of the Andreev reflection. 
Also, if the junction is small enough in the ballistic regime, information such as superconducting 
order parameter will be detected by the Andreev reflection dominated PCS conductance 
spectrum.  
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Then what will happen if we can make a tunnel junction smaller and smaller? Will it 
eventually become a PCS junction? The answer is no if there is no change in the property of the 
tunnel barrier. And this is the case for STS. STS is a surface sensitive measurement which probes 
the surface state DOS, while the PCS investigates the bulk properties of the materials. 
In experiments, PCS can be easily obtained by fritting the planar tunnel junction barrier 
or cranching an STM tip directly on the sample surface (even though there is no guarantee of the 
quality of the conductance spectrum). On the contrary, to transform a point contact junction into 
a tunnel junction might not be that easy. There are plenty of ways to get a “dirty” contact, such 
as the Ga+ ion implantation, but to make PCS into tunneling is not possible unless a sufficient 
barrier potential could be introduced.  
For the second direction, there is no doubt that a PCS junction will never jump into a 
tunnel junction if we keep increasing its size. Instead, it will undergo a continuous 
transformation from the ballistic regime to the thermal regime. However, it might be an 
interesting topic to examine how the tunneling spectra evolve as a function of the junction size 
corresponding to those of the three PCS regimes.  
Taking advantage of FIB, a test of Wexler formula is given in Fig. 5.2. Nanofabrication 
of PCS junctions by focused ion beam, for the first time, combines the advantages of both soft 
PCS and hard PCS: high thermal stability with fine control of junction resistance by control of 
the junction size. This new kind of PCS junction opens the possibility to explore many 
interesting topics, such as the junction geometry dependence of the PCS characteristics and PCS 
investigation of the strongly correlated electron systems in high-temperature superconductors 
especially in the normal state conductance under applied magnetic field and uniaxial stress. 
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Preliminary results of PCS junctions on FeTeSe crystals that are nanofabricated using the 
FIB have been obtained. And the conductance spectra show a zero bias conductance 
enhancement surviving far above Tc, which is consistent with the nematic state reported by many 
research groups. However, the junctions we have made so far are all in the diffusive regime, 
which is not ideal for spectroscopic measurement. Therefore, one of our goals is to improve the 
fabrication recipe for crystal samples. 
The effect of deleterious Ga+ ion implantation is also presented by comparing the results 
from different beam voltages. Since we are limited by the facility at our home institution, the 
only solution we have is to use ion beam at lower energy by compensating on the patterning 
resolution. There are two promising approaches, we suggest, worth investigation: 
1) Focused Helium Ion Beam (HIB): Compared with the traditional Ga+-based FIB, the HIB 
has a much better resolution [126], and what’s more important, He+ ions are much less 
poisonous to superconductivity compared with Ga+ ions.  
2) Electron beam assisted XeF2 chemical etching of SiO2: The basic idea is to use only 
electron beam instead of the ion beam in the fabrication process, thus, to avoid any form 
of ion implantation effect. XeF2 etching of SiO2 can be induced by focused electron beam 
[127], and this process is highly selective: only SiO2 will be removed where the electron 
beam is present, and the reaction will immediately stop once it reaches the surface of the 
material under investigation. The via-holes can also be back-filled with chemical vapor 
deposition assisted by the electron beam. 
For the in-plane junction nanofabrication, there is another approach to eliminate the ion 
implantation effect by using “mechanical” equipment. This idea might sound irrational. However, 
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we have tested this idea by using a nanoindenter to “scratch” nanostructure on thin film surfaces, 
and it does work on some softer samples. Besides nanoindenter, AFM could also be utilized for 
nanostructure patterning. We think that it is highly worthwhile to further investigate the 
mechanical methods for fabrication purpose in future study. 
Besides the PCS on FeTeSe crystals, we also present the preliminary results of planar 
tunneling spectroscopy on both FeTeSe crystals and thin films in this thesis. However, the S±-
wave superconducting order parameter fingerprint has not been detected yet, which is most likely 
due to the “dirty” interfaces between the conventional s-wave superconductor and Fe-based 
superconductor. A solution come out when we are developing the nanofabrication process of 
PCS junction and find that the FIB is also capable of making tunnel junctions by partially 
removing a pre-deposited insulation layer. This method is very promising to create junctions on 
small scale crystals. Compared with traditional lithography method, FIB processing is more time 
efficient and chemical wet etching process can also be avoided.   
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Appendix A: Photolithography Recipe 
 
 
A. I: Regular UV photo lithography, AZ-5214 (positive) 
1. Make sure a substrate is clean 
2. Prebake, at 110 ºC, for 2 min (No Glass) 
3. Spin, at 4000 rpm, for 45sec (Blow with N2 gas to remove any dust and to cool off 
substrate before putting PR) 
For small samples it is impossible to do edge beam removal, try to spin for longer 
time (e.g. 60 sec), the edge bead tends to be thinner 
4. See if the surface looks smooth and free of debris. Otherwise, remove PR with 
Acetone, IPA, and DI, and restart from the prebaking step 
5. Soft bake, at 110 ºC, for 1 min 15 sec (No Glass) 
After developing, if the edge of the pattern is not sharp enough, try soft baking longer 
to make the PR harder 
6. Expose, > 80 𝑚𝐽/𝑐𝑚2 
7. Develop, in AZ-917 MIF for about 25 sec. 
8. Rinse the sample in DI H2O  
9. Blow it dry with N2 gas. 
10. Inspect patterns under an optical microscope 
11. Soft bake, at 110 ºC, for 3 min (optional) 
 
120 
 
A. II: Image-reversal Photolithography, AZ-5214 
1. Bake, at 110 ºC, for 2min 
2. Spin, at 4000 rpm, 45 sec 
3. Bake, at 110 ºC, for 60 sec 
4. Expose,  80𝑚𝐽/𝑐𝑚^2 
5. IR bake, 95 ºC, for 2 min (critical) 
6. Flood exposure, > 200𝑚𝐽/𝑐𝑚2 (not critical) 
7. Develop, AZ-917 MIF, for  ~25 sec (depends on the real conditions) 
8. Post Bake, at 110 ºC, for 2 min 
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Appendix B: In-plane PCS junctions on thin films by FIB 
 
 
B.1 Junction Designs 
 
This section will discuss the fabrication of in-plane point contact junctions on conductive 
thin films, e.g. Nb, Au, Pb, CeCoIn5, using photolithography and FIB etching to pattern nano-
constrictions. By machining the width of the constriction (bridge between two metal electrodes) 
small enough (typically within the electron elastic mean free path), the device configuration will 
be very similar to a PCS junction. At low temperature, the phonon spectra are supposed to be 
observed if the material under investigation is in its normal state. Also, with the advantages of 
FIB, optimal junction locations could be easily decided, and we could also investigate the 
junction characteristics as a function of junction size and orientation. 
75 different patterns have been designed for various sample sizes and experimental 
purposes, some of them are shown in Fig. B.1: the pattern ID: 22 (Fig. B.1(a)) is used to develop 
the in-plane junction fabrication recipe. In this study, regular UV (MJB 4) and photoresist AZ-
5214 are used for patterning features down to 2 µm and the recipe can be found in Appendix A. 
The image reverse recipe for contact pad growth using AZ-5214 is also given in the Appendix.  
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Fig. B.1: Patterns used in photolithography to fabricate the in-plane PCS junction. Features 
greater than 2 µm are fabricated with regular UV (MJB 4) and dry etching (Ar ion milling). The 
rectangles are contact electrodes. (a) Pattern ID 22 is for general purpose measurement and used 
to develop this fabrication method; (b) Pattern ID 31 is for the investigation of the spatial 
dependence of the junction characteristics; (c) Pattern ID 32 is designed for transport 
measurement; (d) In Pattern ID 75, 9 junctions can be arranged in a serial, therefore, it is 
dedicated to the junction size dependence study and investigation of the I-V characteristics 
through multiple transport constrictions.  
 
After photolithography, a commercial 8 cm ion mill (Common Wealth Scientific) is 
utilized to remove the unprotected areas, and the typical setting parameters are shown in Table 
B.1. The milling time has a positive correlating with the sputter yield and is decided by multiple 
experimental studies to ensure a through removal of the film materials.  
To minimize the ion beam heating effect during the milling process, the sample films are 
glued onto a copper plate with either conducting glue or silver paint before mounting to the ion 
mill sample stage. The copper plate will provide better thermal contact during milling. 
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Meanwhile, liquid nitrogen flow can also be introduced through a tube under the mounting stage, 
providing an enhances cooling solution. If liquid N2 cooling is used, extra time (~ 1 hour) is 
needed for the stage to warm up before the sample can be taken out of the chamber. Otherwise, 
water vapor would condense (or even freeze) on the cold sample surface. The stage cooling is 
helpful during ion milling process, but to save time it is not required for thinner films and softer 
materials (e.g. Au and Pb) if the temperature does not increase too much during the milling 
process. However, due to its low sputtering yield, Nb film can be quickly heated to over 160 ºC 
if no cooling solution is adopted. An alternative solution to prevent the sample temperature from 
being too high is to divide the long milling process into several shorter sections between which 
we leave enough time for the sample to cool down.  
Table B.1: Ion milling setting parameters for in-plane nano-junction fabrication.  
Material 
Ion Beam 
voltage(V) 
Ion Beam current 
(µA) 
Time (min) Cooling 
Nb 500 75 20~25 Necessary 
Au 500 50 2~3 Used, No Need 
CeCoIn5 500 50 7~9 Used 
Pb 500 50 ~1 No Need 
*The film thickness is 1000 Å for Nb, Au, and Pb, and 800-1000 Å for CeCoIn5. 
Chemical wet etching (same recipe to etch Au described in Section 3.3) is also tested on 
Au films and works to a certain extent. However, the Au films used in this study are quite thick 
(100 – 200 nm), and the overcut effect is non-negligible:  the 2 µm wide thin line could end up 
over 5 µm wide. Therefore, wet etching is not recommended for this step, and only ion beam 
milling is used in this study. 
After the ion milling, a constriction (about 10 (or 20) µm × 2 (to 6) µm) will be obtained. 
Then FIB is used to further reduce the constriction size down to tens of nanometers. FIB is a fine 
124 
 
milling tool which isolates itself from most vibrations in the surrounding environment, but 
samples might still shift a little bit during the patterning process. To avoid overcut, the FIB 
nanofabrication is carried out in a 2- or 3- step computer programmed sequence. Each step of 
milling utilizes a smaller beam current than the previous one and continues to make the junction 
smaller, as illustrated in Fig. B.2. We first use a stronger ion beam to mill the width of the 
constriction down to ~ 1 µm, then decrease the beam current and cut two thinner lines to further 
reduce the width of the constriction. Using this method, the smallest size we have achieved is 
about 22 nm. The silicon profile is used as a reference for patterning on Nb. And by setting the 
milling depth parameter three times of the thickness of the Nb film, the film could be completely 
cut through (Fig. B.2(d)).  
We have also tested this in-plane junction fabrication method on Pb thin films thermally 
evaporated on c-cut sapphire substrates. However, unlike solid Nb films, the soft Pb thin films 
turn out to have serious issues in the fabrication process. The most severe problem occurs in the 
step of photoresist removal. A significant amount of lead is observed to be washed away in the 
organic solvent, and the junctions are also very fragile and not stable during measurement. We 
conclude that Pb films are not compatible with the method described here. Instead, we do have 
an alternative solution to fabricate the in-plane PCS junctions using nanoindenter, which will be 
further investiaged in our future study. 
In our study, Au and CeCoIn5 in-plane junctions have also been investigated using 
similar recipes like that for Nb films. 
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Fig. B.2: SEM images of the in-plane junction on Nb thin film, fabricated by FIB. (a) SEM 
image at a low magnification of junction and the yellow circle indicates the location of the 
transport constriction. For the specific junction shown in (b), the small constriction is achieved 
by FIB etch in two steps and a zoom-in image of the junction is shown in (c). (d) SEM image at 
the edge of the film by tilting 52º, the film materials within the gap are completely removed, and 
an overcut of the substrate could also be noticed (preferable for the in-plane junctions). 
 
 
B.2 Results and Discussion 
  
The in-plane PCS junction was first used to study conventional superconductor, Nb thin 
films, as its well-known superconducting signature could be utilized as a measure of the quality 
of these junctions. In the normal states (either by applying a magnetic field or by increasing the 
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sample temperature above Tc), phonon information is also supposed to be detected as a non-
linearity I-V characteristic if the junction size is within the ballistic regime and remains metallic. 
 To prevent oxidation of the Nb film in an ambient lab environment, a thin Au protection 
layer (< 1 nm) was sputter-grown in situ on the Nb film. The Au layer will also act as a shield to 
protect the underlying materials to some extent in both the ion beam milling and the FIB 
patterning processes. Nb films without Au coating layer have also been prepared, but junctions 
with small constrictions (< 100 nm) on such films display inconsistent behavior, which is highly 
likely related to the oxidation of the small constriction materials after FIB nano-machining. 
 All the Nb in-plane junction results presented in this section are based on films with Au 
coating layer. Figure B.3 shows the I-V characteristics of two such junctions of different sizes. If 
the width of the constriction is larger than 100 nm, the junction I-V characteristics typically 
follow the shape of the black curve, which is prototype signature of a S/N/S Josephson junction. 
The junction (black line in Fig. B.3) conductance is shown in Fig. B.4 (a): at low temperature, it 
follows a delta-function-like behavior, which corresponds to the supercurrent at zero-bias, i.e., 
the Cooper pair tunneling in the absence of applied voltage or magnetic field. The theoretical 
electron mean free path is much bigger than the actual size of the junction, however, this 
Josephson junction-like behavior below Tc strongly indicates that the contact is not ballistic, 
either due to oxidation of the small transport bridge or the implanted-ion-induced inelastic 
scattering within/around the constriction areas. Furthermore, the I-V characteristic above Tc is 
quite linear, and no phonon spectra information has been observed. Josephson effect is a well-
studied topic, and there are models like resistively and capacitatively shunted-junction (RCSJ) 
model [128] to explain the V-I characteristics. And FIB for Josephson junction fabrication on 
thin films has been reported by many groups [129][130][131]. Therefore, if the junction in not in 
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the ballistic regime, there is no surprise for it to end up in the S/N/S or S/I/S Josephson junction 
configuration, while further investigation is still needed to determine the origin of the behavior. 
There is no easy way to totally avoid the ion beam implantation effect, but with the high-
precision machining capability of FIB, we can make the junction constriction smaller than 100 
nm, and the smallest one we have successfully tested is about 40 nm in width. However, on those 
junctions, signatures of phonon modes still could not be detected in the Nb normal state. The 
conductance of one of these junctions is shown in Fig. B.5(b). At helium temperature, the 
junction still shows a single sharp peak, but much smeared from the standard delta function. 
Accordingly, the I-V characteristics around the zero-bias are continuous, and no clear sign of the 
supercurrent is observed. This behavior is very contradictory to a good Josephson junction. And 
our assertion is that the quantum phases in the two superconducting slabs are somehow 
correlated, which might explain the smoothed out I-V characteristic near the zero-bias. As we 
discussed in section 3.3, as milling depth increases, the possibility of the redeposition also 
increase. Here, the width of the gap between the two Nb slabs (10 -20 nm) is much smaller than 
the gap depth (60 nm), and it is possible that the feature finally ends up in a V-shaped cross 
section and not being cut through.  
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Fig. B.3: I-V characteristics of in-plane junctions on Nb films fabricated using FIB. The black 
curve is from a junction of 190 nm in width, and the red curve is from a junction of 95 nm in 
width. Both junctions are measured at 4.5 K. 
 
Fig. B.4: Junction characteristics of a 190-nm Nb in-plane junction. (a) Junction I-V (black) and 
G(V) (red) at 4.5 K. (b) Junction zero bias G(V) as a function of temperature.  
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Fig. B.5: Junction characteristics of 95-nm Nb in-plane junction. (a) Junction I-V (black) and 
G(V) (red) at 4.5 K.  (b). Junction G(V) at 9.4K.  
 
 Besides Nb, we have also studied the Au in-plane junctions. Figure B.6 shows the 
conductance characteristics of a junction fabricated on a 200 nm thick Au film. The junction 
constriction is ~ 64 nm in width and its resistance at room temperature is ~ 32 Ω. The junction 
conductance at 4.2 K is shown in Fig. B.6(a), in which the conductance maximum was found to 
be around ±5 mV. Because the result (black line) is noisy, we smooth the original data and 
extract a numerical 2nd order derivative of the conductance. However, no signature of the phonon 
mode is observed as well. 
Unlike Nb, Au is an inert metal. Therefore, the issue cannot come from oxidation. In the 
fabrication process, 30 keV ion beam is utilized to achieve high milling resolution. Later, we 
realized that at such high beam voltage, the ion implantation effect is non-negligible. In either 
scenario of oxides or implanted ions, electrons traveling through the constrictions get scattered 
from the impurities, resulting in the loss of the phase information. Even if the electron mean free 
path at low temperature in a pure metal like Nb can be as large as a few microns, its elastic mean 
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free path can be significantly reduced by the impurity particles. This assumption also explains 
the I-V characteristics of the junctions on Au films. 
 
Fig. B.6: Conductance characteristics of Au in-plane junctions 64 nm in width. (a) Normalized 
G(V) at 4.2 K. The experiment data is shown as the back curve, and the solid red line is the 
smoothed G(V). (b) Junction resistance as a function of temperature.   
 
To verify this assumption, we make the junction even smaller. And the smallest junction 
we have ever made is about 22 nm, which is close to the technical limit of the Ga+ source FIB 
equipment. However, none of these junctions (22 nm – 40 nm) survives the testing. They easily 
burst up and end up with huge resistance even with a small applied bias voltage. The dead 
junctions are later examined under SEM and are found that the area surrounding conjunctions 
shows a sign of melting, indicating a significant amount of heat accumulation in the area. 
However, the heating source can be introduced by either impurity scattering or the situation 
where the FIB cut is not through the film. Therefore, further investigation is still needed to figure 
out the origin of the issue and design a solution. 
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